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ABSTRACT 
Oman is located on the southeastern seaboard of the Arabian Peninsula, close to 
the margin of the Arabian plate. The area was affected by extensional tectonics 
in the Mid Tertiary, to create the oceanic Gulf of Aden. Opening occurred 
progressively by movement on a generally northeast-trending rift. 
Precambrian basement (outside the study area) was overlain by Palaeozoic 
sediments, then by a mainly Cretaceous carbonate platform succession that passes 
unconformably upwards, into a Lower Tertiary carbonate shelf succession. 
Regional unconfirmity is described in the text, page 8/9 
Tectonic instability related to rifting began in earliest Oligocene, with deposition 
of up to 600m of shallow-water carbonates on an unstable shelf (Nakhlait 
Member). Facies are varied and include open shelf, restricted shelf and patch reef 
deposits. 
By the Early Oligocene, subsidence was outpacing platform construction and the 
margin collapsed to form grabens, in which deeper-water sediments of the 
accumulated. Growth faulting was active during deposition of this unit. The 
resulting Mughsayl Formation (up to 700m thick) mainly comprises slope and 
basinal deposits dominated by pelagic carbonates (with pelagic foraminifera), 
interbedded with shallow water-derived carbonates, including debris flows, 
megabreccias, slumps and channels cut into submarine slopes. Faulting reached 
its maximum towards the end of Mughsayl Formation deposition Early Miocene. 
iii 
The uncontörmahly overlying Miocene Adawnib Formation accumulated on a 
shallow shelf, as hioclastic conglomerates and interbedded calcarenites, during 
and following a time of active uplife. Provenance was from the Mughsayl, 
Nakhlait and underlying units in the area. With continued uplift in the Pliocene, 
continental deposits accumulated as the Red Conglomerate (Na'r Formation), 
interpreted as continental alluvial fan deposits. The Adawnib Formation is locally 
cut by faults, but there is little evidence of major faulting in the Plio-Quaternary. 
In summary, the study area records subsidence, followed by uplift related to 
rifting, then major faulting came to an end. Some of the uplift may relate to the 
thermal effects of mantle plume activity at the Afar triple junction 1500 km to the 
southwest after spreading began in the Gulf of Aden (Ca. 10/Ma). The relative 
absence of post-rift thermal subsidence is in keeping with the probable evolution 
of the South Oman margin of the Gulf of Aden as a transtensional rift zone. 
ACKNOWLEDGEMENTS 
Praise is due to Allah the Almighty who has blessed me with the life and 
energy to carry out this study. He is first to be acknowledged and my countless 
thanks will never be sufficient. 
I would very much like to thank my supervisor, Alastair Robertson, firstly 
for his continuous help, patience, encouragement, support and guidance during 
this study. I would like to thank Geoff Angel for his help and my second supervisor 
John Underhill, also Lucian Marshall for her invaluable secretarial assistance. 
In Oman, the Ministry of Petroleum and Minerals is thanked, particularly, 
Salim Mohammed Said Al-Shanfari, Director of Oil, for allowing me to use a 
seismic profile of Salalah Plain and offshore. Also I am grateful to those in the 
Directorate General of Petroleum and Minerals in Salalah, and to the Director 
General of Minerals in Muscat, who has helped me with this study, particularly 
Abdul Al-Majeed Mohd for professional drafting of most of the figures in this 
thesis. 
I also thank, staff in the Petroleum Development of Oman L. L. G, particularly 
those in the Department of Exploration for their help. 
My sincere thanks go to my family at home for their patience, 







List of Figures vii 
List of Plates ix 
List of Tables x 
List of Appendices x 
List of Enclosures xi 
Chapter 1: Introduction 
1.1 	Geomorphology 1 
1.2 Previous study 1 
1.3 	Geological setting and lithology 6 
1.3.1 Precambrian-Murbat crystalline rock and younger intrusives 6 
1.3.2 	Late Precambrian-Carboniferous 6 
1.3.3 	Permo-Carboniferous 6 
1.3.4 	Silurian-Jurassic 7 
1.3.5 	Cretaceous 7 
1.3.6 	Tertiary 10 
1.4 Approach to the problem and data used 13 
1.5 	Scope of the present project 14 
Chapter 2: Nakhlait Member 
2. 1 Introduction 16 
2.2 Stratigraphy 16 
2.3 Lithostratigraphy 19 
2.3.1 Big Canyon succession 23 
2.3.2 Khur Rurry succession 27 
2.4 Petrographic 28 
2.5 Facies, facies associations of palaeoenvironments of 
the Nakhlait Member 39 
2.5. 1 Lagoonal facies association 39 
2.5.2 Reef-related facies association 40 
2.6 Discussion of palaeoenvironments 44 
Chapter 3: Mughsayl Formation 
3.1 Introduction 45 
3.2 Stratigraphy 45 
3.3 Lithostratigraphy 46 
3.4 Biostratigraphy 49 
3.5 Section descriptions 53 
3.6 Facies descriptions 67 
3.6. 1 Introduction 67 
3.6.2 Calcilutite 67 
3.6.3 Fine calcarenite 68 
3.6.4 Calcarenite 68 
3.6.5 Rudite (Megabreccia) 72 
3.7 Facies associations 73 
3.8 Slump folds 74 
3.9 Diagenetic features 75 
3.10 Depositional processes 83 
V 
Chapter 4: Late Miocene to Recent units 
4.1 Late Miocene Adawnib Formation 88 
4.1.1 Introduction 88 
4.1.2 Lithostratigraphy of the Adawnib Formation 89 
4.1.3 Lithologies present 94 
4.1.4 Interpretation 101 
4.2 Pliocene? Na'r Formation (Red Conglomerate) 104 
4.2.1 Introduction 104 
4.2.2 Lithostratigraphy 105 
4.2.3 Lithofacies 106 
4.2.4 Petrography 108 
4.2.5 Interpretation 110 
4.3 Quaternary deposits 110 
4.3.1 Lithofacies 110 
4.3.2 Alluvial deposits 110 
4.3.3 Colluvial deposits 112 
4.3.4 Aeolian deposits 113 
4.3.5 Travertine 113 
Vi 
Chapter 5: Mineralogy and geochemistry 
Member and Mughsayl Formation 
	
5.1 	Introduction 




Chapter 6: Structural Aspects 
6.1 	Introduction 
6.2 Structure of sub-areas 
6.3 	Regional tectonic relations 









Chapter 7: Regional tectonics of South Oman 
7.1 History of rifting and uplift related to opening of the Gulf 
of Aden 146 
7.2 Regional tectonic evolution 148 
7.3 Gulf of Aden rifting: field evidence from Dhofar 151 
7.4 Seismic evidence for rifting in Dhofar 153 
7.5 Borehole evidence from Salalah Plain 157 
7.6 Geophysical evidence from offshore (Mountain and 
Prell, 199 1) 158 
7.7 Regional tectono-stratigraphic correlations 160 
7.7.1 Northern Somalia 160 
7.7.2 Yemen 160 
7.8 Regional comparisons 163 
7.9 Regional interpretation 164 
Chapter 8 
Conclusion 	 166 
References 170 











Location map of Oman 
Structural and geological sketch map of Oman 
Location map of the study area, showing where logs and 
samples were taken 
General log of the Nakhlait Member 
Schematic stratigraphic section of the Nakhlait Member; a, 
at Aquabat Aquishan and Big Canyon; b, at Khur Rurry 
Point counts of the Nakhlait Member. Benthic foraminifera, 
planktic forminifera and pellets are plotted 
Point counts of the Nakhlait Member. Micrite, microsparite, 
and sparite were point counted 
Triangular plots: CaO-Si02-MgO, shows the compositions of 
the Nakhlait Member 
Triangular plots: Na20-A1203-Fe203, shows the 





























Log showing composite section of the Mughsayl Formation 
	
47 
Logs from the Mughsayl Formation 
	
59 
Key to symbols for lithology sections 64 
Dip and strike reading from the Mughsayl Formation 
	
76 
Readings of the the axial planes of slump folds and the 
plunge directions 
	 77 
Point counts of the Mughsayl Formation. Benthic foraminifera, 
planktic forminifera and pellets are plotted 
	
78 
Point counts of the Mughsayl Formation. Micrite, microsparite, 
and sparite were point counted. 	 79 
Triangular plots: CaO-Si02-MgO, shows the compositions of 
the Mughsayl Formation 
	 80 
Triangular plots: Na20-A1203-Fe2O3, shows the compositions 
of the Mughsayl Formation 
	 81 
Representative sections of the Adawnib Formation 
	
90 
Schematic logs of the Nakhlait Member, Mughsayl, Formation, 
Adawnib Formation and Na'r Formation in Mughsayl area 
	
91 
Point counts of the Adawnib Formation. Benthic foraminifera, 
planktic forminifera and pellets are plotted 
	
99 
Point counts of the Adawnib Formation. Micrite, microsparite, 
and sparite were point counted 
	
100 
Triangular plots: CaO-Si02-MgO, shows the compositions of 
the Adawnib Formation 
	
102 
Triangular plots: Na20-Al203-Fe2O3, shows the compositions 





Fig. 	5.1 Geochemical plots of the Mughsayl Formation, Nakhlait Member 
and Murbat Basement a; A1203 versus Ti02; b, A1203 versus 
Fe203 120 
Fig. 	5.2 Geochemical plots of the Mughsayl Formation, Nakhlait Member 
and Murbat Basement; a, A1203 versus K20 b, K\Na versus Si02. 121 
Fig. 	5.3 Average shale normalised multi-elements spidergram of a: the 
Nakhlait Member; b, the Mughsayl Formation 123 
Fig. 	5.4 Geochemical plots from the Mughsayl Formation, Nakhlait 
Member mudstone and the Murbat Basement shale, a; La-Sc-Th, 
b, Th-Sc-Zr\10. c, KJNa versus Si02 (wt%). 125 
Chapter 6 
Fig. 6.1a) Field measurements of faults. b-c) Poles to fault planes 
plotted on a stereonet, readings from the Mughsayl area 133 
Fig. 6.2 a-b. Fault trends taken from map of west Dhofar area (Enclosure 1.2a) 135 
Fig. 6.3 a-b Fault trends taken from map of Salalah Plain area (Enclosure 1.2b) 139 
Fig 6.4 a-b Fault trends taken from map of East Salalah Plain area (Enclosure 
1.1) 140 
Fig. 6.5 Schematic diagram illustrating: a, Depositional setting ot 
the Mughsayl Formation; b, Depositional setting of the Adawnib 
Formation 141 
Chapter 7 
Fig. 	7.1 Regional map of Arabian Peninsula showing tectonic elements 147 
Fig. 7.2 Schematic diagrams showing simplified tectonic models for the basins 
during the Early Oligocene-Early Miocene: a, Nakhlait 152 
Member; b, Mughsayl Formation; c, Adawnib Formation 
Fig. 	7.3 Tectonic model for the evolution of the Mughsayl Formation based on 
surface and subsurface (well and seismic) data. Note that a strike-slip 
setting is inferred. See text for explanation 154 
Fig 	7.4 Schematic seismic section of Dhofar (Salalah Plain and offshore) 155 
Fig. 7.5 Line drawing based on representative seismic section of the 
Gulf of Aden, illustrating structural style, from Bott et al., (1992) 159 
Fig. 	7.6 Schematic tectonic map of the Gulf of Aden and contiguous 
onshore areas. Transform faults after Cochran (1981). Also, onshore 
geology from Bott et al., )1992) 161 
Fig. 	7.7 Comparative stratigraphy of Yemen and Somalia Gulf of Aden 
region, modified from Robertson Group (1991). 162 
List of Plates 
Chapter 2 
Plates 2.1. 1,2,3 22 
Plates 2.2. 1,2,3,4 25 
Plates 2.3. 1,2,3,4 26 
Plates 2.4. 1,2,3,4 30 
Plates 2.5. 1,2,3,4 31 
Plates 2.6. 1,2,3,4 34 
Chapter 3 
Plates 3.1. 1,2 48 
Plates 3.2. 1,2,3,4 51 
Plates 3.3. 1,2 52 
Plates 3.4. 1,2,3,4 65 
Plates 3.5. 1,2,3,4 66 
Plates 3.6. 1,2,3 70 
Plates 3.7. 1,2,3,4 71 
Plates 3.8. 1,2,3 86 
Plates 3.9. 1,2,3,4 87 
Chapter 4 
Plates 4.1. 1,2,3. 92 
Plates 4.2. 1,2. 95 
Plates 4.3. 1,2,3,4 96 
Plates 4.4. 1,2,3,4 109 
Chapter 6 
Plate 6.1. 129 
Plates 6.2. 1,2,3 130 
Plates 6.3. 1,2,3,4 136 
Plates 6.4. 1,2 142 
ix 
List of Tables 
Chapter 1 
Table 	1.! Dhofar stratigraphic column, from Plate!, et al 1989, BRGM Report, 
199! 8 
List of Appendices 
Appendix I Laboratory techniques undertaken during this study 180 
1.1 Staining 180 
1.2 X-ray diffraction 180 
1.3 X-ray fluorescence 181 
Appendix 2 Diffraction chemical results 182 
Table 	I Results of whole-rock X-ray diffraction 182 
Appendix 3 XRF results(mineralogical data) 206 
Table 	I  Analyses of major elements of sedimentary rocks from the 
Nakhlait Member (wt% oxide) 206 
Table 	lb Analyses of trace elements of sedimentary rocks from the 
Nakhlait Member (ppm) 207 
Table 2a Major elements of sedimentary rocks from the Mughsayl 
Formation (wt% oxide) 208 
Table 2a Additional major elements of sedimentary rocks from the 209 
Mughsayl, Adawnib and Nar Formations, (wt% oxide) 
Table 	2b Trace elements of sedimentary rocks from Mughsayl Formation, 
(ppm) 210 
Table 	5.3 Trace elements of the Adawnib and Nar Formations (ppm) 211 
Samples Nakhlait Member mudstone and limestone 	 183 
Samples Mughsayl Formation mudstone and limestone 190 
Samples Adawanib Formation mudstone and limestone 	 204 
X 
List of enclosures 
Enclosure 	1 	Structural and geological map of study area 
Enclosure 2 Major tectonic elements of Dhofar 
Enclosure 	3 	Geological map of part of Africa and the Arabian 
Peninsula, showing important tectonic lineaments 
xi 
1 
CHAPTER ONE: 	INTRODUCTION 
1.1 GEOMORPHOLOGY 
The Salalah plain (Enclosure 2) is about 30 km wide, located between the Arabian 
Sea to the south, and is separated by a major WSW-ENE trending fault escarpment 
(inland Escarpment) (Ca. 1,000 m high) from a high plateau to the north (Dhofar 
Plateau). The plateau is dominated by Tertiary outcrops, while the Salalah Plain is 
covered by Quaternary alluvium. The Dhofar Plateau has a gentle northerly dip 
towards the great desert of the Rub A1-Khali, north of Thamrait to the west of Salalah 
(Fig. 1.1). The western part of the Salalah Plain, which includes the present area of 
study, has a maximum length of 65 km and is 15 km wide (Fig. 1.2; Enclosure 1). 
The coastal plain is traversed by an immature drainage system which mainly flows 
to the south, or more exceptionally to the east where it is controlled by the presence 
of large faults (Fig. 1.2). 
The high plateau of Dhofar is dominated by nearly flat-bedded Mesozoic and Tertiary 
limestones reaching an altitude of 1500 m. North of the Dhofar Plateau there is a 
plain comprised of Tertiary sediments, overlain by aeolian dunes of the Rub Al-Khali 
desert. In the western part of the central plain, there is a vast island depression with 
a huge sahkha, known as the Urn Samin salt evaporite. 
1.2 PREVIOUS STUDY 
The first comprehensive study of the geology and tectonics of Oman, including the 
Dhofar region, was produced by G. M. Lees in 1928. This work led to publication 
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Morton (1947-48) revised the Tertiary and Cretaceous stratigraphy of the area, 
although this work was not published. Beydoun (1964) published the first detailed 
stratigraphic work on the western part of Dhofar, covering the Tertiary and 
Cretaceous stratigraphy. 
In 1979, an intensive research programme was launched, including hydrogeological 
studies and the sinking of boreholes, with the help of a private company (Pencal 
International Ltd.). As a result of this study, a revision of the stratigraphy of Dhofar 
was published by Hawkins Pl al. (1981). Thomas (1987) also described some 
vertebrate fossils from Oligocene rocks of the eastern and western Salalah coastal 
areas. 
In 1985, the French Bureau de Récherches Géologiques et Miniëres embarked on a 
programme of mapping and mineral prospecting. Nine topographic sheets were 
mapped on a scale of 1:100,000, covering the Dhofar area and including the Raysut 
sheet within the present study area. BRGM also produced a general report on the 
geology of Dhotar, together with preliminary mining exploration results. 
There has not been any further detailed geological work in this area. The BRGM 
concluded by recommending more intensive large-scale mapping and detailed studies 
to improve understanding of both the geology and structure of the area. The present 
work is a contribution to this. 
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1.3 GEOLOGICAL SETTING AND LITHOLOGY 
1.3.1 Precambrian Murbat crystalline rock and younger intrusives 
Precambrian to Early Palaeozoic basement rocks occur between Murhat and Hasik 
(Fig. 1 .2), as tar as the Arabian Sea coast to the south (Beydoun, 1966). 
A Japanese team of geologists worked in this area (MMAJ/JICA) and used K-Ar 
dating to establish an Early Palaeozoic age (Cambrian to Devonian) for intrusive 
igneous rocks cutting the basement. 
1.3.2 Late Precambrian-Cambrian 
The El-Hota-Ain Sarait Formation occurs in the west Salalah plain to the north of 
Mughsayl and Raysut (Fig. 1.1), but the age remains uncertain. Beydoun (1964) 
considers these rocks to be of Late Precambrian to Early Cambrian age. These 
formations are well exposed on the lower slopes of major Tertiary and Cretaceous 
scarps (Ain-Sarait). They are dominated by turbiditic deposits, composed of 
alternations of dark green sandstone and mudstones, cut by quartz veins. 
1.3.3 Permo-Carboniferous 
Early Carboniferous to Permian rocks (Qidwai rA al., 1988) crop out as the Murbat 
Sandstone Formation, northwest of Murhat town (Fig. 1.2). The Metal Mining 
Agency of Dhotar has assigned this age to the Murhat Sandstone Formation on the 
basis of the Early Carboniferous age of dykes in the underlying basement. This 
formation extends over about 70 km' north of Murhat and has an estimated thickness 
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of 1,750 m. 
The Murhat Sandstone Formation is divided into three lithological units. The lower 
unit, which is about 600 m thick, consists of polymict boulder conglomerates and is 
overlain by conglomeratic sandstone and coarse-grained sandstone. 
The middle unit is about 430 in thick and consists of conglomeratic to 
medium-grained arkosic sandstone. The upper unit is made up of shale and sandstone. 
The lower unit of the formation is considered to he of glacial origin, based on 
occurrences of diamictite, tillite and dropstones. Such features are known in many 
other places in the Late Palaeozoic period, including Brazil, South Africa, China and 
India, (Crowell, 1982). 
1.3.4 Silurian-Jurassic 
Marine transgression took place in South Yemen in the Jurassic, but not until the 
Early Cretaceous in Dhofar. In this area, transgression began in the Barremian-Aptian 
in west Salalah, and then extended eastwards, giving rise to thick marine (ca. 1500 
m) deposits. 
1.3.5 Cretaceous 
The stratigraphy of the Cretaceous sediments of south Oman is shown in Table 1 .1. 
These sediments unconformably overlie older units. 
Due to a combination of the effects of subsidence, intra-Cretaceous erosion and 
Tertiary erosion the Cretaceous has a thickness ranging from about 1500 m in the 
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Table 1.1 Dhofar stratigraphic column, from Platel. et al 1989, BRGM 
Report. 1991. 
Subsurface data show that in Jabal Al-Qammar and offshore, the Cretaceous is 
unconformable on the Haima Group (Murhat Sandstone), and the lower Murhat 
Sandstone, while, beneath the Salalah Plain, the Cretaceous is unconformable on the 
upper Murbat unit. However, faulting has occurred, resulting in numerous sub-basins 
(i.e. grabens) beneath the Salalah Plain, and horst blocks are present especially along 
the coastline and off-shore. 
During the Barremian-Aptian, a transgressive sea reached as far west as Dhofar 
giving rise to the Qishn Group, which has a maximum thickness of about 450 m at 
El-Hota and around Ain-Sarait (Table 1.1). The Qishn Group progressively thins 
towards Jabal Samhan and ultimately disappears (except in Wadi Shabon and Wadi 
Hinna, Enclosure 2). 
The Qishn Group, which forms the lower part of the Cretaceous succession, starts 
with the Shabon Formation, consisting of detrital layers, conglomeratic limestone and 
thin beds of sandstone. The Hinna Formation above this contains alternations of marl 
and micrite, or dolomitic limestone and is inter-tidal in origin. The Hasheer Member 
is commonly made up of dolomitized limestone with chert. A middle-shelf setting, 
with marine lagoons is inferred (Roger I al., 1989; BRGM Report, 1991). 
Next, the KhartOt Formation is about 300 m thick (Table 1.1). It predominantly 
comprises alternations of marl, with biomicritic limestone and calcarenite. This 
formation is interpreted as having formed in lagoons on a carbonate shelf (BRGM 
report, 1991). In the overlying Dhalqut Formation consists of three Members, the 
Umharaf Member, Khadrati Member and Sartäit Member (Qamar Group), the 
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Umberaf Member is very marly at the base, while the top consists of a thick layer of 
resistant limestone. Above, the Sarfait Member is composed of marl, with layers of 
biomicritic limestone. 
Next, the Khadrafi Member is about 130 m thick. At the base, 25 m thick alternations 
of marl and hioclastic limestone are seen with rudists, underlain by a ferruginous 
hardground (Platel ! al., 1989; BRGM Report, 1991). This unit also contains 
smectite and kaolinite. Molluscs and rudists are seen higher in the unit. Some are 
nodular. Above comes 20 in of clay and yellow green silty marl, with tens of 
centimetre thick layers of silty sandstone and marl limestone. This is finally overlain 
by a 5 to 7 in thick bed of grey bioturhated limestone, with pyrite nodules. 
Next, the Aruma Group is up to 70 m thick. At the base, it is composed of 
kaolinite-rich arkosic sandstone derived from weathered basement units, Samhan 
Formation. This is overlain by pebbly coarse-grained sandstones, followed by 
alternations of bioturbated nodular marl, with rudist biostromes. The Sharwayn 
Formation is dated as Late Maastrichtian and forms the top of the Cretaceous 
succession (Roger t al., 1989; BRGM Report, 1991). 
1.3.6 Tertiary 
The Cretaceous period culminated in uplift and regional tilting. There was strong 
erosion of the Cretaceous substratum, particularly north and northwest of Salalah. 
Regional peneplanation resulted in an unconformity between the Cretaceous and the 
Tertiary. Good examples of this boundary are seen in the Ain-Sarait area, where the 
Urn er Radhuma Formation overlies the Qishn Formation. Nearly 1000 m of 
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Cretaceous rocks are missing (BRGM Report, 1991). 
The homogeneity of Tertiary deposits occurring throughout the region explains the 
similarity of lithostratigraphic divisions proposed by various workers from one 
country to another. Powers (1968) proposed the names U mm-er Radhuma Formation 
and Rus and Dammam Formation for similar rocks in Saudi Arabia. Beydoun (1964) 
and Beydoun & Greenwood (1968) traced these formations into Yemen and termed 
them Um er Radhuma, Rus and Habshiya Formations. 
In general, a transgression is believed to have started during the Late Palaeocene 
(Thanetian-Ilerdian), and persisted up to Priahonian times, thus leading to the thick 
carbonate deposits of the Hadhramaut Group (Table 1.1). Regression then followed, 
as an Oligocene-Miocene sea retreated. The Dhofar Group comprises latest Eocene 
and Oligocene deposits, mainly carbonates. Following foundering of the southern part 
of the continental margin, the Early Miocene Mughsayl Formation developed mainly 
as debris flows and turbidite sediments, in the present Salalah-Raysut plain area. This 
study focuses on the Mughsayl Formation. 
In more detail, the Early Eocene interval is generally composed of well-bedded 
micritic limestone with rare calcarenite (hioturbated) rich in foraminifera (e.g. 
Aiveolina sp.), echinoderms, pelecypods and oysters. The Eocene Urn er Radhuma 
Formation comprises three members. At the base, the Atyr Member is composed of 
carbonate and marl (20-30 in thick). The middle, Hasik Member is about 300-500 m 
thick, and is essentially carbonate, mainly limestone, with dolomite at the top. The 
third member, the youngest unit, comprises carbonates of the Muddayy Member. This 
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has a maximum thickness of 55 in and is essentially dolomitic, with a rare marine 
fauna, and is also rich in geodes and nodules of silica. The next unit above is the Rus 
Formation, composed of thin-bedded hioturhated chalky carbonates, again with many 
silica geodes and nodules (BRGM Report, 1991). The sediments are mainly composed 
of mudstone and dolomites. In addition, highly hioturhated, cross-bedded calcarenites 
(strongly recrystallised), include slumps, laminated gypsum and silicified limestone 
nodules. The next unit is the Dammam Formation, of Middle to Late Lutetian age 
and is characterised by three contrasting lithological units: 
A basal, 16 rn-thick limestone-smectitic marl sequence, with several metres 
of shale at the top; 
A succession of micritic limestone with abundant Diclyoconids; 
C) 	Bioclastic micritic limestone with Alveolinids. 
The deposits of the basal member of the Dammam Formation rest conformably on the 
Early Lutetian Rus Formation. Above the Hadramaut Group, deposits are 
characterised by alternations of soft bioclastic limestone with many layers. At the 
base the many limestone contains molluscs, corals and oysters. The base of the 
Dhofar Group is composed of two formations: the oldest is the Zalumah Formation, 
which is essentially chalky limestone with breccias rich in gastropods. The principal 
fossils are well-preserved gastropods, characteristic of fresh-water continental and 
brackish environments (BRGM Report, 1991). These chalky limestones and breccias 
are interbedded with marine bioclastic limestones. The Ashawq Formation above 
comprises two members, the lower of which, the Shizar Member, consists of 
sequences which are dominantly limestone. Clay-rich täcies contain smectite and 
kaolinite. The limestones are mainly calcarenite with pelecypods (Table 1.1). 
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The Nakhlait Member above was deposited in a shallow-marine environment, with 
patch reefs and lagoons, during the Early Oligocene. The Member comprises 
biocalcarenite limestone rich in henthic forams, with carbonate bioclasts. Overall, the 
Nakhlait Member accumulated during tectonic subsidence related to rifting. 
The Mughsayl Formation then accumulated in the latest Early Oligocene to Early 
Miocene. At this stage the carbonate platform finally subsided to form sub-basins in 
which a range of gravity-influenced tacies accumulated, including detached limestone 
blocks, slope breccias, calcirudites, calcarenites and pelagic calcilutites. 
Above this, the Adawnib Formation is dated as late Early to Late Miocene and occurs 
in small patches near the present coast. The formation is dominated by limestone 
conglomerates. The Adawnib Formation passes conformably up into the non-marine 
Na'r Formation (Red Conglomerate), which is mainly conglomeratic and assumed to 
be of Pliocene age, and then into a variety of Quaternary deposits, including wadi, 
terrace and coastal deposits. 
1.4 APPROACH TO THE PROBLEM AND DATA USED 
Fortunately, road cuttings from Mughsayl town to Aquabat A-Quishan (Enclosure 1), 
expose excellent outcrops in which rock successions can he studied effectively. The 
presence of fossiliferous beds, including corals and toraminifèra allow accurate age 
determinations. 
The study has involved both field and laboratory investigations, as follows: 
a) 	Field studies: These took three months and included geological mapping, aerial 
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photographic interpretation, lithostratigraphy, and sedimentary logging, structural data 
analysis and collection of corals (sent to the Natural History Museum in London for 
dating). 
b) 	Laboratory studies: Petrographic work on thin sections (180 thin sections), 
including staining of 30 samples, acetate peels, X-ray diffraction of 22 samples for 
determination of minerals, and X-ray fluorescence analysis (30 samples) of major and 
minor elements. 
1.5 SCOPE OF THE PRESENT PROJECT 
The units studied in detail are the Nakhlait Member of the Ashawq Formation, Early 
Oligocene, and especially the Mid-Oligocene Mughsayl Formation, the Late Miocene 
Adawnib Formation, and the Pliocene Na'r Formation (Red Conglomerate). These 
units record an interesting variety of palaeo-environments. In general, these sediments 
accumulated in conditions ranging from shallow marine (Nakhlait Member and 
Adawnib Formation), to deeper marine (Mughsayl Formation). In addition, the Red 
Conglomerate (Na'r Formation) is interpreted as a continental deposit. As a result of 
rifting in the Early Oligocene, the area also shows interesting structural features. 
The biota present in the sediments, particularly in the Nakhlait Member, the 
Mughsayl Formation, and the Adawnib Formation facilitate accurate dating of the 
sediments. As a result, these four units are considered to range from Oligocene to 
Early Miocene to Pliocene including Na'r. However, some workers (BRGM Report, 
1991), regard the Na'r Formation as much younger (Pliocene-Early Pleistocene). 
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In this thesis, I will discuss the stratigraphy, hiostratigraphy, and sedimentology of 
the above Late Tertiary units, as a guide to interpreting palaeo-env iron ments. Also, 
information on the structure of the area, will be used to reconstruct the tectonic 
evolution of the area in relation to opening of the Gulf of Aden taking account of the 
wider tectonic context. 
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CHAPTER TWO: THE NAKHLAIT MEMBER 
2.1 INTRODUCTION 
The Nakhlait Member comprises the oldest sediments that were studied in 
detail during this project. The Member is reported to have a thickness of 
200 m (BRGM Report, 1991); however, only the middle and upper parts 
of the Member were included in the present study (upper 100 m). In 
general, the Nakhlait Member is predominantly calcareous hioclastic 
sediments of carbonate platform type, including reef limestones. A general 
geological map showing distribution of outcrops of the Nakhlait Member 
in the Mughsayl area is shown in Enclosure 1. 
2.2 STRATIGRAPHY 
The Nakhlait Member is recognised regionally within the Dhofar Group, 
according to mapping by BRGM (1991). As noted previously (Table 1. 1), 
the Dhofar Group is subdivided into the Ashawq and Zalumah Formations. 
The Ashawq Formation is, in turn, subdivided into the Nakhlait and Shizar 
Members. The Shizar Member is locally about 100 m thick, but is not 
exposed in the study area. However, the Shizar Member crops out widely 
in a "graben" between Aydim Camp and Shaah-Aseih (Enclosure 2). In 
other areas, according to BRGM, the Ashawq Formation is overlain by the 
Zalumah Formation (of latest Priahonian age), then by the Shizar Member, 
in contradiction to Table 1 .1. The age of the Nakhlait Member has been 
determined mainly using henthic toraminifera and calcareous algae and 
these give an Early Oligocene age (BRGM Report, 1991). 
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Synonymous nomenclature 
The Nakhlait Member was originally included as part of the Taqah 
Formation in an unpublished Dhofar City Services Report (1956). It was 
also included within the Taqah Formation by Hawkins rA al. (198 1) and in 
PDO Reports (unpublished 1981). However, BRGM (1991) coined a new 
name, the Nakhlait Member, based on the geographic area where these 
rocks are most widely developed. This informal name is used as no proper 
(e.g. Arabic) name is shown in available topographic maps. 
Age 
As noted above, based on calcareous algae and benthic foraminifera, an 
earliest Oligocene age is assigned to the Nakhlait Member. 
Lower boundary 
At the base of alternations of many dolomite, green to white claystone, and 
biocalcarenite. 
Upper boundary 
Above a unit of chalky, calcarenitic limestone, in some places pseudo-
conglomeratic, rich in corals and recrystallized algae. 
Thickness and lateral extent 
The Nakhlait Member, ca.200 in thick, CfOPS out widely, particularly east 
of Taqah town and northwest of Mughsayl village (Enclosure 2). In these 
areas, strata of the Member are gently inclined. The overall extent of the 
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Nakhlait Member is shown in the geological maps of Enclosures 1 and 2. 
Remarks 
In the past it has proved difficult to distinguish the Nakhlait Member from 
the Mughsayl Formation. One reason for this is that the area has undergone 
pervasive weathering, making both units very similar in appearance and 
therefore difficult to tell apart during reconnaissance study. In addition, 
during this work it has been found that the Mughsayl Formation contains 
major intercalations of limestone conglomerates that were almost wholly 
derived by mass wasting of the Nakhlait Member. These units weather in 
a similar manner to the Nakhlait Member and it is perhaps, therefore, not 
surprising that earlier studies, largely using aerial photographic techniques, 
assigned these units to the Nakhlait Member. This has resulted in 
considerable confusion and one of the contributions of this work is the 
clarification of the nature of the Nakhlait Member versus the Mughsayl 
Formation. 
Both outcrop and thin section studies have revealed a diverse fauna within 
the Nakhlait Member. Most of these index fossils were identified during the 
BRGM mapping, and additional occurrences of these fossils were noted 
during this study. 
Macrofauna 
The macrofauna consists of colonial corals, including Acropora, Ponies and 
Fongia, oysters, pelecypods, gastropods, and echinoids (including large 
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spatangoids). Calcareous algae are often abundant, mainly of 
Dascycladacean and Corallinacean type. There is a diverse fauna of benthic 
tbraminifera, including Amphistegina sp., Lepidocyclina sp., Peneroplis 
sp., Dent ritina sp., Spirolina sp., Archaias sp., Meadropsina sp., 
Austrorrillina sp., Miliolidae spp. and Operculina sp. It is also important 
to note that, in contrast with the overlying Mughsayl Formation, no 
planktic foraminifera were found within the Nakhlait Member. 
2.3 LITHOSTRATIGRAPHY 
The lithostratigraphy of the Nakhlait Member as determined in this study 
is shown in Figures 2.1 and 4.2. In general, the succession is relatively 
homogeneous, comprising alternations of fine-grained micritic and 
dolomitic carbonates. Individual beds range from tens of centimetres up to 
several metres in thickness. Many horizons are highly fossiliferous, 
containing corals, molluscs, echinoids, foraminifera, ostracods and 
calcareous algae. Some of the limestones are recrystallised. 
During this study two representative successions of the Nakhlait Formation 
were selected for relatively detailed study, as shown in Figure 2.2. The 
first section is known as the Big Canyon, west of Mughsayl town, the other 
is known as Khur Rurry (east Taqah), shown in Enclosure 2. The 
lithological units in each of these successions are now discussed in turn, 
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Fig. 2. 2 Schematic stratigraphic sections of the Nakhlait 
Member. 
a, at Aquaba Aquishan and Big Canyon; b, at Khur Rurry. 
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Plate 2.1 
2.1.1 Nakhlait Member exposed in Wadi Ashawq. Chalky interbeds weather 
recessively, (see Fig. 1.3 for location). 
2.1.2 Micrite limestone, locally ferruginous with large echinoids and cavities 
formed by dissolution of coral, Wadi Ashawq, (see fig. 1.3 for location). 
Hammer is 30cm. 
2. 1 .3 Very burrowed, calcarenitic top of the Nakhlait Member, inside Wadi 
Ashawq, (see Fig. 1.3 for location).See knife for scale. 
Plate 2. j 
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2.3.1 	Big Canyon succession 
The Big Canyon succession is located NE of Shaah Aseib (see Enclosure 
2). The succession is described from the base to the top. 
Nodular limestone: The basal unit of the Nakhlait Member comprises 
nodular chalky limestone, intercalated with tine-grained sandstones and 
marly dolomites. Some beds include evidence of diagenetic silicification 
(Fig. 2.2a). Fauna typically exist as fragments rather than whole fossils. 
Where present, nodular calcite is coarsely crystalline. Between the nodules 
are found chalky bio-dolomites that are typically highly bioturhated, with 
a rich fauna including foraminifera and molluscs. 
Laminated limestone: This interval of the succession comprises well-
laminated limestones up to 100 in thick, often showing pronounced 
weathering. Sandstone interheds, rich in pellets and peloids, are also 
present; some are also rich in benthic foraminifera and molluscs. 
Thin-section study of the laminated limestones reveals that the fauna occur 
within tine-grained micrite that is sometimes partly or completely 
recrystallised to sparry calcite. Some successions lack fauna but still show 
evidence of bioturbation. Where present, the fauna includes echinoid 
fragments. Some sections also show evidence of faecal pellets and peloids, 
while others include carbonate lithoclasts, quartz grains and fragments of 
töraminifera. 
Siltstone: The succession continues upwards into a distinctive unit 
dominated by siltstones with calcareous intercalations. These strata contain 
large echinoids in life position (spatangoids and Goniocidaris) and are 
strongly burrowed. The fauna also include numerous henthic foraminifera 
(Plates 2.5.3, 2.6.1, 2.6.2 Fig. 2.2). Subordinate intercalations of 
calcareous mudstone are present. 
Calcarenite: This interval comprises well-bedded limestones, intercalated 
with mans. Some beds are hioclastic and range in thickness from 0.35-1.0 
m. Trace fossils are characteristically present. 
Nodular limestone. The overlying interval comprises white to pink 
nodular limestones. These are hard and contain elongate nodules generally 
orientated parallel to bedding. Spaces between nodules contain calcite and 
also local ferruginous sediment. The margins of the nodules are commonly 
marked by stylolite development. Some stylolites are also found within 
nodules forming a mesh-like texture. The stylolites are attributed to 
compaction of the sediments during diagenesis. Most of the stylolites, 
although anastomosing, are sub-parallel to bedding. Little evidence of a 
fauna is present within these nodular limestones (Fig. 2.2a; Plate 2.4.1). 
Pseudo-conglomerate: This interval consists of a reworked calcareous 
pseudo-conglomerate, containing coral clasts (Plate 2.3.2). The pseudo-
conglomerates formed by weathering of reworked and buried limestone 
fades, so that individual "clasts" are mainly of secondary origin. Indeed, 
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Plate 2. 2 
2.2.1 Nakhlait Member, bedding-parallel view of cemented marine lagoonal 
sediment; very fossiliferous, with burrows indicated; 
Burrows about 30 cm long; 
Fragments of echinoids and shells; from Khur Rurry, Fig 2.2b. See 
Enclosure 2 for location. Note: The thickness of outcrp is 1.0m. 
2.2.2 Massive limestone rich in dissolved coral giving a spongy texture, 
Nakhlait Member, Wadi Ashawq, (see fig. 1.3 for location). Knife for 
scale. 
2.2.3 Very strongly burrowed, typical of the top of the Nakhlait 
Member. Hammer shaft is 20cm. from Khur Rurry, Fig.2.2b. See 
Enclosure 2 for location. 
2.2.4 As 2.2.2; dissolved coral fragments, Wadi Ashawq, (see fig. 1.3 for 
location). Hammer for scale, 30cm. long. 
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Plate 2. 3 
2.3.1 Micritic limestone with the remains of an insitu reef framework, 
from Aquabat Aquishan, Nakhlait Member, Fig. 2.2a. See fig. 1.3 for 
location). Hammer is 30cm. long. 
2.3.2 Top of the Nakhlait Member showing pseudoconglomeratic 
textures; Ra's Hamar, (see fig. 1.3 for location). Hammer for scale, 30cm. 
2.3.3 Bedded Nakhlait Member (arrows). The upper levels are reddish 
and ferruginous, while the lower part is pale, from Aquabat 
Aquishan, (see fig. 1.3 for location). Note; The vertical height to the 
arrow is 3m. 
2.3.4 Large block of coral containing abundant coral fragments together 
with oncolites, bioclasts and calcareous algae, from Aquabat 






















and lamination can, in many cases, he traced through pseudo-conglomerate 
outcrops. The corals take the form of isolated boulders, cobbles and 
pebbles. The blocks of coral lie in a micritic matrix. Many of the coral 
clasts have been partially dissolved during diagenesis and now exhibit a 
very porous texture. The matrix of the conglomerate is biosparite, which 
is highly hioclastic and commonly recrystallised. In addition to corals, 
individual large fauna (e.g. bivalves, echinoids) are also found within the 
micritic limestone. The corals are interpreted as the remnants of patch 
reefs. 
Massive calcarenite and boundstone: This is the highest unit of the 
Nakhlait Member and is well exposed along the main road (Fig. 1.3). The 
massive calcarenitic limestones are very rich in benthic foraminifera, 
oncolites and calcareous algae; they are strongly burrowed and also contain 
numerous corals which are commonly partly or almost entirely dissolved. 
Unlike the corals in the underlying conglomerate, some of those in the 
massive calcarenite include the remains of in situ patch reefs, up to 5-10 in 
in diameter (Plates 2.3.1, 2.4.2). Within the massive calcaremtes there is 
evidence of increased recrystallisation of carbonate towards the top of the 
succession. Dolomite was locally identified near the base of the succession, 
whilst above this calcite predominates. 
2.3.2 Khur Rurry succession 
The second succession of the Nakhlait Member to he studied in some detail 
is that at Khur Rurry, shown in Figure 2.2h. This succession is less 
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lithologically variable than that of the Big Canyon, described above. In 
general, this succession consists of well-bedded, chalky limestones with 
calcarenitic interheds. These rocks are highly fossiliferous including much 
calcareous algae. The succession is strongly burrowed and passes upwards 
into more calcarenitic limestone with large echinoids (Plates 2.2.1, 2.2.3). 
In addition, oncolites and algal mats are locally well developed. 
Gastropods, pelecypods and echinoids are also seen, particularly near the 
base of the succession, together with calcareous algae. In thin section, 
pellets, peloids, benthic foraininifera and detrital quartzitic chert are seen, 
together with a sparry calcite cement. Individual faunal chambers are 
infilled with either micritic or sparry calcite. 
The Nakhlait Member shows evidence of considerable tectonic instability 
during deposition. In large cliff sections, large-scale (i.e. hundreds of 
metres long and tens of metres thick) the clinoforms are present and these 
suggest that strong differential subsidence was taking place during 
deposition. The clinoforms dip generally to the southeast towards the 
present-day coast in the Big Canyon outcrops, their development possibly 
influenced the development of linear patch reefs. 
2.4 PETROGRAPHY 
In an attempt to quantify the petrography of a typical micritic carbonate of 
the Nakhlait Member, a limited number of samples were point counted for 
henthic foraminifera, pellets and planktic foraminifera. The results are 
displayed in Figs. 2.3, 2.4 and show that the planktic forams are 
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completely absent. 
Some of the limestones are composed of micrite, with nearly circular to 
elliptical peloids. These peloids are micnte and microspante, with calcite 
cement within fossil chambers (Plate 2.5.1). Recent faecal pellets 
commonly contain a significant amount of organic matter (hung, 1954). 
Faecal pellets are sometimes the main constituent of the carbonate sand 
fraction (Cloud, 1962). An important contributor in this setting is a 
ubiquitous polychaete, Armandia muaculata, which has been seen to 
produce pellets of the appropriate shape and size. Gastropods and shrimps 
also produce characteristic pellets (Kornicker & Purdy, 1957). 
Other limestones (Plate 2.5.2) comprise peloids formed of micrite and 
microsparite, surrounded by mud and iron oxide. M icrocry stall ine calcite 
(micrite) cement (Plate 2.3.5) is also present, together with microfossils 
infilled with sparry calcite. Small stylolites composed of iron-oxide (Plate 
2.6.2). Another lithology is lithoclastic packstone, with peloids in a 
sedimentary mud matrix (Plate 2.5.4). 
Many limestones are very fossiliferous, as shown in Plates 2.5.1, 2.5.3. 
These comprise bioclastic limestone (hiomicrite to hiomicrosparite). 
Chambers within the fauna are infilled with micritic limestone and/or sparry 
calcite. Iron oxide, mud and calcite are also locally observed in thin 
section. Numerous fragments of large foraminifera are mostly of 
Lepidocyclina sp. together with Rotalia sp., Amphistegina sp., Borealis sp., 
29 
Plate 2.4 
2.4.1 Stylolites in reworked Nakhlait Member limestone, from Aquabat 
Aquishan. See hammer for scale 
2.4.2 Large block of coral, draped over by bioclastic limestone, from 
Aquabat Aquishan, Fig. 1.3 for location. The amplitude of the fold in 
the lower part of the photograph is 2m. 
2.4.3 Thin section showing stylolites cut by fractures infilled with sparry 
calcite; (a, b) locally compression was followed by extension. Big canyon, 
see Enclosure 2 for location, sample 104, Nakhlait Member. Note; scale 
1cm. =0.7mm. 
2.4.4 Typical Nakhlait Member, rich in coral and calcareous 
algae, from Aquabat Aquishan. 
Coral fragment. 
Oncolite. 
The separation between the two black lines is 2cm. 
Plate 2. 4 
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Plate 2. 5 
2.5.1 Thin section of limestone (packestone to wackestone), Big Canyon 
Nakhlait Member, sample 103. See Enclosure 2 for location. 
fragments of echinoderms. 
Faecal pellets, cemented by sparite. 
Fragments of coralline algae. 
Note; scale 1cm. =0.7mm. 
2.5.2 Thin section from Big Canyon showing; 
Peloids inifiled with sparry calcite. 
Micritic matrix. 
Isopachous calcite cement. Fig.2.2a, (see Enclosure 2 for location). 
Note; scale 1cm. =0.7mm., (sample number is 109). Nakhlait Member. 
2.5.3 Thin section showing a number of species of micrite-walled 
forams, from Aquabat Aquishan. 
Austrotrillina so. 
Borelis SD. 
Fractures filled by sparry calcite. Blue vein is ferrous sparry 
calcite, stained by Potassium ferricyanide. The blue colour 
indicates presence of Fe2+ ions, sample 96. See Fig 1.3 for location. 
Note; scale 1cm. =0.7mm. Nakhlait Member. 
2.5.4 Thin section of wackestone, Nakhlait Member. The matrix is mainly 
micritic with iron oxide and mud. Sample stained in potassium 
ferricyanide blue colour. Big Canyon. 
a) Detrital quartz is present. The sediment has a reworked texture, 











Heterostegina sp., Miliolidea (Austrotrillina sp.) and Archaias sp. together 
with coralline and calcareous algae. In addition, molluscs (oysters), corals, 
echinoids and pelecypods are also numerous within intervals that are 
typically very strongly burrowed. There is also much fragmented hioclastic 
material. Miliolids are present in some thin sections. Moulds of bivalves are 
commonly filled with sparry calcite, as are the chambers of large 
toraminifera. Pellets and peloids are also locally present. There is some 
evidence of minor diagenetic silica, filling cavities in some of the fauna 
(Plates 2.5.1, 2.5.2; Fig. 2.1). 
The thin sections show evidence of zones of unconsolidated or very lightly 
cemented, friable carbonate sediment alternating with hardened, well 
cemented limestone. The friable sediment consists of a mixture of unaltered 
marine calcarenite and calcilutite, including primary aragonite, whereas the 
limestone is characterised by moulds and solution channels with an absence 
of aragonite: only calcite remains (Cole, 1957). The tops of the better-
developed hardened zones are sharp and coincide with discontinuities in the 
stratigraphic succession, as revealed by the larger foraminiféra. 
In addition, some limestones were chemically analysed. A plot of CaO 
versus Si02 versus MgO for the Nakhlait Member. This confirms the 
carbonate-rich nature, with minor Si0 2 and MgO. The Member also shows 
high ratios of A1 203 relative to Fe203 and Na20 (Figs. 2.5, 2.6; see 
Appendix 2 Table 1). Figs. 3.7, 3.8, 4.5, and 4.6 show a Na2O versus 
A1203 versus FeO, plot to compare the compositions of the Nakhlait 
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Member, the Mughsayl Formation and the Adawnib Formation, all of these 
contain high Fe203 , with some A1203 and some Na20. 
In summary, the petrographic and chemical data indicate close comparisons 
with certain modern shelf settings. Pellets and intraclasts are not as 
abundant in open-platform settings as in inner and outer platform areas 
(Scoftin, 1987). Widespread deposits of skeletal and peloidal grainstones, 
packstones and argillaceous wackestone characterise open platform 
limestones (ScoftIn, 1987). Such sediments range from highly nodular beds, 
through beds with irregular wavy surfaces and uneven thickness to 
homogeneous massive parallel units. Some units exhibit flanking wedge-
shaped beds of reef-derived sediment, and multiple thin amalgamated storm 
beds that increase in thickness and abundance upwards (Plate 2.2. 1). 
Open-platform seafloor sediments contain relatively stagnant interstitial 
marine waters (Scoffin, 1987). Marine cementation is rare there, except in 
the stable interstices of patch reefs where aragonite and Mg calcite may 
precipitate (Scoftin, 1987). 
Following deposition, the Nakhlait Member experienced a number of types 
of diagenesis. Localized silicification is seen especially near the base of 
some successions; this could reflect derivation from sponges which were 
living in the lagoonal setting. Aragonitic fossils were preferentially 
dissolved with varying degrees of sparry calcite intill. Anhydrite is locally 
present (with "cottage cheese" texture); this is thought to have originated 
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Plate 2. 6 
2.6.1 Thin-section of a foraminiferal limestone, with micrite-walled 
Miliolidae cemented by sparite. Micritic peloids are also present, 
Nakhlait Member, from Aquabat Aquishan, sample 96. 
a) Arrows show pressure effects. 
Note; scale 1cm. =0.7mm. See Fig 2.2a. 
2.6.2 A stylolite with a fine saw-tooth shape; filled by calcite and 
iron oxide, Nakhlait Member, from Aquabat Aquishan, sample number 
is 95, (see Fig. 1.3 for location). Note;scale 1cm. =0.7mm. 
2.6.3 View of the Mughsayl Formation. The Mughsayl Formation was 
down faulted relative to the Nakhlait Member behind. Bedding is 
cut by numerous sub-vertical faults. View west from near Mughsayl 
Village. 
Nakhlait Member 
Mughsayl Formation. The distance between a-b in the distance 
is lOOm 
2. 6. 4 The Mughsayl Formation overlain with a low angle unconformity by 
Nakhlait Member is (by "contact") to the left. The two units are in fault 
contact, Wadi Ashawq. See Fig 1.3 for location. The height of the vertical 
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Fig. 2.3 Point counts of the Nakhlait Member. Benthk foraminifera. 






Fig. 2.4 Point counts of the Nakhlait Member. Micrite, microsparite and spa rite 




Fig. 2.5 Triangular plot CaO-MgO-Si02, shows the compositions of the 






Fig. 2.6 Triangular plot Na20-A1203-Fe203, shows the compositions of the 
Nakhlait Member. See text for comments. 
as a replacement of gypsum formed within an algal mat environment 
(Butler, 1970; Kinsman, 1966). 
2.5 FACES, FACIES ASSOCIATIONS AND PALAEO- 
ENVIRONMENTS OF THE NAKHLAIT MEMBER 
A number of distinct lithofacies are identified within the Nakhlait Member, 
e.g. sandstone, siltstones, nodular limestones, mudstones, pseudo-
conglomerates and reef limestone (houndstone). Consideration of the 
relative occurrence of these fades allows a number of facies associations to 
be identified, these in turn are indicative of a number of distinctive 
palaeoenvironments. The facies associations are discussed first. 
2.5.1 Lagoonal facies association 
This is the most abundant facies association within the Nakhtait Formation. 
In general, such marine lagoonal settings typically occur landward of coral 
reefs and may overlie reef fades in some instances (Bosence tj a!, 1994). 
Within the Nakhlait Member this facies association is characterised by 
skeletal packstones with lenses of coral breccia and localised patch reefs. 
Beds of hioturbated calcarenite are locally present. The hioclastic carbonates 
contain Dentritina sp., Peneroplis sp., Rosalina sp. and Archaias sp. while 
individual beds are rich in Miliolina sp., Austrotrillina sp., Borealis sp., 
Amphistegina sp, Hetereostegina sp. and other henthic foraminifera. 
Stromatolites, muddy sediments with ostracods, and oncolites are also 
present and are identified as representing a variety of inner (i.e. near-shore) 
lagoonal settings. Beach deposits (i.e. upper shore face) can also be 
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identified, for example at Khur Rurry; these sediments are very 
fossiliferous and include algal mats, oncolites, echinoids, shells and are 
heavily bioturbated (Fig. 2.2; Plate 2.2.1). These sediments in detail 
probably represented a range of local palaeo-environments. 
2.5.2 Reef-related facies association 
Within the Nakhlait Member well developed patch reefs are found, for 
example at East Aquabat Aquishan (Fig. 1.3). Much of the reef limestone 
is preserved not as in situ reefs, composed of skeletal wackestones and 
packstones. The general trend is a coarsening-upwards succession resulting 
from reef progradation. Redeposited reef-derived deposits comprise white 
chalky bioclastic limestones and calcarenites containing calcareous algae, 
molluscs, packstones and wackestones, with bioturbated beds and intervals 
of amalgamated debris flow breccias. These debris-flows contain coralline 
algae, bryozoans, pelecypods, gastropods and large echinoids. Abundant 
corals (often partially dissolved), together with intraclastic packstones are 
also found. Some intervals are hioturbated and may contain red algae. 
Two main palaeoenvironments can be recognised within the Nakhlait 
Formation, as follows: 
1. 	Patch reefs 
The Nakhlait Member contains patch reefs in some places such as the 
locality in Aquabat Aquishan (Fig. 4. 1), where it is rich in biota. Individual 
patch reefs, as inferred from road-cuts, are up to several hundred metres 
long and 10-15 metres thick. Within these reefs, a local framework 
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structure is recognised. The reef margins are dominated by coral fragments, 
admixed with other carbonate lithologies. The reef talus is seen to pass 
laterally into bioclastic packstones and/or wackestones. 
Open platforms have an abundant and diverse sand-dwelling fauna and flora 
of stenohaline forms (i.e. those with low tolerance to salinity variation 
relative to normal sea water). Molluscs are common and generally thick-
shelled and robust in the high energy settings and more delicate in deep, 
calm water (Scoffin, 1987). 
Where the upper parts of the succession are exposed, particularly towards 
the southeast, these include evidence of abundant reworking of largely 
coral-derived material, mainly as matrix-supported conglomerates. This 
coral material is associated with other reworked lagoonal-derived facies. It 
therefore seems likely that the carbonate shelf represented by the Nakhlait 
Member was in the process of breaking up and subsiding, resulting in 
seaward reworking on a large scale. However, many outcrops are highly 
diagenetically altered and further detailed study would he necessary to 
identify the three-dimensional geometry of the individual depositional units 
within the Nakhlait Formation. 
Infaunal molluscs are particularly abundant. Benthic foraminifera occur in 
large numbers, living on the surface sediment and attached to soft algae and 
grasses. Calcareous red algae encrust coarse debris and, where currents are 
strong, may form rhodoliths (Scoftin, 1987) (Plate 2.3.4). Patch reefs 
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(Dhofar) have a primary framework of scieractinian corals (e.g. Acropora, 
Millepora, Porites and Faviids; Plate 2.4.4), and a secondary framework 
composed of bryozoans, encrusting foraminifera, molluscs such as 
Homotrema and Gupsina (particularly oysters and vermetid gastropods), and 
serpulids (Scoftin. 1987). Boring molluscs (Lithophaga) are common. Also 
common in Dhofar, boring sponges may provide a large quantity of silt-
sized sediment eroded from the exposed reef framework. 
2. 	Lagoonal tacies 
Much of the succession surrounding the reef units both below, laterally and 
above is interpreted as being lagoonal. Typical lagoonal facies are skeletal 
pack stones, rich in benthic foraminitera: these are interpreted as carbonate 
sand waves. The lagoon included stromatolites and muddy carbonate 
sediments with ostracods and oncolites, typical of an innermost lagoonal 
facies (Bosence d ni., 1994). In addition, upper shoreface facies are locally 
present and include algal mats, with oncolites, echinoids, shells and highly 
burrowed intervals (e.g. at Khur Rurry, Fig. 2.2b: Plate 2.2.3). 
The water depth of the lagoonal environments in which the Nakhlait 
Member accumulated is estimated at 0-60 metres (BRGM, 1991). Inner 
shelf areas were dominated by mollusc-rich skeletal sands and coquinas. 
Patch reefs were constructed on the floor of the lagoon and are rich in 
coral, calcareous red algae, bryozoans and encrusting foraminifera, 
echinoderms, pelecypods, gastropods, oysters, boring molluscs and 
sponges. Further out in the lagoon, away from the reefs, generally finer- 
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grained carbonate sediment accumulated, including tbraminitèral micrite. 
This formed in local depressions and is possibly the result of current 
reworking of low-density, aggregated sediment. For example, pellets are 
known to have formed as traction carpets in areas of greater current 
agitation (Enos and Perkins, 1977). 
The 200 metre-thick Nakhlait Member is estimated to have accumulated 
over a period of up to 8 million years (see International Time Scale). This 
implies sedimentation rates up to 2.5cm/1000 yrs. Large-scale lenticularity 
of depositional units (up to lOs of metres thick and 700 metres long) can 
locally be seen on the sides of steep canyon walls. These features suggest 
that the Nakhlait Member accumulated during a period of active fault-
related subsidence. The Nakhlait Formation was perhaps bordered to the 
south by a relatively continuous marginal reef; if so, it is not exposed. The 
area behind this was a broad lagoon at least several tens of kilometres wide 
and presumably extensive parallel to the palaeo-coastline (i.e. E-W) with 
open sea to the south. Patch reefs repeatedly developed then died out, either 
in response to emergence and/or burial by finer-grained lagoonal sediments. 
In some cases, reef material is preserved almost entirely as talus. The 
lagoonal areas passed inland into coastal facies, including algal mats with 
gypsum deposits. During accumulation of the Nakhlait Member, deposition 
was able to keep pace with subsidence. However, the Nakhlait Member was 
finally terminated by greatly accelerated subsidence, resulting in final 
collapse of the carbonate platform and its upward passage into fully open 
marine chalky carbonates of the overlying Mughsayl Formation: this will 
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be discussed in the following chapter. 
2.7 DISCUSSION OF PALAEOENVIRONMENTS 
In the past the Nakhlait Member has been interpreted as an inner shelf 
deposit, with accumulation in a depth range of 0-60 m (BRGM Report, 
1991). This inner shelf setting is consistent with the abundance of 
macrofossils, skeletal sands and local coquinas. The patch reefs are seen as 
having developed within more open-marine parts of the lagoons. The coral 
framework was associated with abundant calcareous algae, bryozoans and 
encrusting foraminifera, which include Gypsina sp., Amphistegina sp., 
Peneroplis sp., Dentrilina sp., Rota/ia sp. and Borealis sp.; in addition, 
within the framework, echinoderms, pelecypods, gastropods, corals and 
oysters were also widespread. Boring molluscs are common, together with 
sponges. These sediments may reflect sedimentation from suspension within 
local depressions within the reef framework and/or record current 
reworking of low density, aggregated sediment (Enos and Perkins, 1977). 
Factors controlling the development of the patch reefs may have included 




CHAPTER THREE: 	THE MUGHSAYL FORMATION 
3.1 INTRODUCTION 
This chapter discusses the Mughsayl Formation, which provides important 
evidence of rifling of the South Oman margin during the Oligocene. In 
contrast to the underlying Nakhlait Member, which is composed entirely of 
shallow-water platform-type sequences, the Mughsayl Formation includes 
a wide variety of deeper water, mainly calcareous facies, including pelagic 
carbonates, calcarenites, matrix-supported rudites, slumps and detached 
blocks of shallow-water limestone. In the following sections, a description 
of the sedimentary successions examined and logged is given first. This is 
then followed by a description of individual lithofacies. Taken together, 
these lithofacies define a number of facies associations, which are then 
discussed. Information on diagenesis is then given leading to an overall 
discussion of the deposition and significance of the Mughsayl Formation. 
3.2 STRATIGRAPHY 
Name, synonymy and type locality 
The Mughsayl Formation was named during BRGM and Ministry of 
Petroleum and Minerals (MPM) work in the area (BRGM Report, 1991). 
The type area is near Mughsayl village, west of Salalah (Figs. 1. 1, 4.1). 
The Mughsayl Formation in this area is equivalent to part of the Taqah 
Formation in the Shihr Group of Beydoun (1964). It is also equivalent to 
part of the Taqah Formation, as defined by Hawkins t i. (1981). Finally, 
it was included with the Taqah Formation in unpublished PDO reports. 
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Age 
According to work by BRGM (1991), the age of the Mughsayl Formation 
ranges from latest Early Oligocene to middle Burdigalian (Lower Miocene). 
There was thus no significant time break between accumulation of the 
underlying Nakhlait Member and the Mughsayl Formation (Table 1.1). 
3.3 LITI-IOSTRATIGRAPHY 
The Mughsayl Formation comprises a wide variety of lithologies. These 
include chalk, calcilutite, calcarenite, conglomerate, breccia and marl (Fig. 
3.1). Conglomerates comprise both matrix- and clast-supported types and, 
in addition, isolated large blocks, mainly of coral, occur which can he 
correlated with successions exposed in the Nakhlait Member (see below) 
(Plate 3.5.2). Variable evidence indicates that all the coral is reworked 
from the Nakhlait Member and is not penecontemporaneous within the 
Mughsayl Formation. 
Lower and upper boundaries 
The contact between the Nakhlait Member and overlying the Mughsayl 
Formation is clearly a low-angle unconformity. Prior to this study no base 
to the Mughsayl Formation had been identified, for example by the BRGM 
mapping. One of the main contributions of the present study is the 
recognition of a sedimentary base to the Mughsayl Formation. This 
important contact was observed in several fault blocks exposed in Wadi 
Adawnib and Wadi Atal (Fig. 1.3, 3.1, 4.2, Enc. 1). The upper contact is 
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Plate 3. 1 
3.1.1 View of Mughsayl Formation, arrow shows well-bedded, 
calcisiltite sequence, in 5-20 cm-thick parallel beds, east Ra's Hamar. See 
Fig 1.3 for location. The height of the cliff on the left of the photograph is 
50m. 
3.1.2 Two types of channels are present: 
Concave channel. 
Convex up lens. 
Beds are disturbed and truncated by channels and slump folds 
(Fig 3.2 section 2). The thickness of the lower channel (a) is 5m. 
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very much more widely exposed as a clear unconformity between the 
Mughsayl Formation and the overlying Adawnib Formation (Plate 3.9.4). 
Thickness and lateral extent 
The estimated thickness is more than 600 m. The Mughsayl Formation is 
well exposed in coastal cliffs and inland wadis. The total outcrop is 
estimated as up to 60 km long and 15 km wide (Enclosure 1). Previously, 
the BRGM mapped intercalations of the Nakhlait Member within the 
Mughsayl Formation. These intercalations weather out as medium-brown, 
relatively resistant units, in contrast to the much paler, soft weathering, 
chalky Mughsayl Formation. Much of this mapping was based on aerial 
photographic interpretation. However, during this study these intercalations 
have been studied in detail in the field. It has been found that the more 
resistant intercalations consist mainly of redeposited limestone, including 
much coral that was eroded from the Nakhlait Member. Thus, although 
lithologically derived from the Nakhlait Formation, in fact the resistant 
intervals are here included as sedimentary intercalations within the 
Mughsayl Formation (Fig. 3.1). 
3.4 BIOSTRATIGRAPHY 
The bioclastic beds within the Mughsayl Formation contain a rich 
macrofauna, comprising echinoids, corals, pelecypods and bryozoans. 
Fragments of crustose coralline red algae are particularly numerous 
(Dacycladaceans and Corallinaceans; Plates 3.6.3, 3.7.2, 3.7.4). 
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During this work an attempt was made to collect as many varieties of coral 
as possible within the conglomerates. These were studied in outcrop and 
using thin-sections. The main types of coral identified are Porites, Fongia 
and ,4strocoenia, together with stromatolites. Studies of Miocene corals 
elsewhere suggest they may have lacked the well-developed zonal pattern, 
as observed in Pleistocene to modern reefs (e.g. the Acropora Palmata reef 
crest; Done, 1982). 
Both benthic and planktic foraminifera are also abundant in the Mughsayl 
Formation together with nannofossils. For example, the benthic foram 
Miogypsina is useful for dating (Blow, 1969), while calcareous 
nannoplankton can be subdivided into a number of biozones (Martini, 
1971). 
The chalky interheds contain a rich microfauna comprising, in decreasing 
order of abundance: Globigerina priboloides, Globigerina gortanii, 
Globigerina ouchitesis, Globigerina kiperoensis, Globigerina tripartita, 
Globorotalia sp. and Globorotalia nana (BRGM Report, 1991). 
Benthic foraminitera are restricted to redeposited layers within the 
Mughsayl Formation. The following forms have been recorded: 
Lepidocyclina sp., Euliphedina sp., Amphistegina sp., Rotalia sp., 
Erperculum sp., Heterosregina sp. and Miogypsina sp. Together, these 
planktic and henthic forams define a latest Early Oligocene-middle 
Burdigalian age (BRGM Report, 1991). Also, a sample from Ras Hamar 
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Plate 3. 2 
3.2.1 Mughsayl Formation, redeposited carbonate, showing grading. Note also: 
Secondary chert. 
Calcilutite-calcarenite, strongly bioturbated. 
C) Irregular pebbles and breccia, (see Fig 3.2, section 14). Hammer is 
30cm long. 
3.2.2 Well exposed calciturbidite sequence; medium-bedded calcarenite 
passes up into calcilutite. 
Marl associated with secondary gypsum. 
Calcisiltite. 
Redeposited calcarenite and tine calcirudite, (Fig 3.2, section 13). 
Hammer is 30cm long. 
3.2.3 View of channels; parallel beds on top, small arrows show trend of 
channels, (Fig 3.2, section 2). The lower channel 5m. high. 
3.2.4 The largest known channel; 
Large blocks of partly dissolved coral. 
An irregular erosion surface filled with parallel bedded marl. 
C) Based of scoured surface of channel (Fig 3.2, section 13). 
Note; Car for scale. 
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Plate 3.3 
3.3.1 View of axis of erosion surface and the base of a massive calcirudite, 
containing blocks of corals. Below, the fades are bioturbated 
and thin bedded, with laminated calcarenite and lime mudstone, 
Ras-Hamar, (Fig 3.2c section 12. See Fig 1.3 for location). Hammer is 
30cm. long. 
3.3.2 Large low-angle channel mulled with marl and calcarenite. 
Lower, well-bedded sequences 
Thick-bedded calcarenite with intervals of thin-bedded marl (Fig 
3.2, section 14, Fig 1.3 for location). Person for scale 
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has been dated by Professor Fred Banner (UCL) as mid-Oligocene or 
earlier. 
3.5 SECTION DESCRIPTIONS 
A number of representative successions of the Mughsayl Formation have 
been logged (Figure 3.2a-e). Absence of distinctive marker horizons makes 
the individual successions difficult to correlate lithostratigraphically. It was 
not possible to measure cross-bed orientations. Several measurements of 
channel orientations are given in Enclosure 1. Data on bedding and slump 
told orientations are given (Figs. 3.3, 3.4). Details of the successions are 
as follows: 
Section 1: This section contains calcilutite and hioturbated marly limestone, 
with intercalations of secondary gypsum and halite. There are also local 
limestone breccias with conglomerate. The beds are cut by channels up to 
15m long. Chalky interbeds contain coral, echinoids, burrows, ostracods 
and coralline algae. Benthic and planktic foraminifera are also common. 
Iron oxide (goethite) is present. This succession is directly overlain by thin-
bedded facies of the Adawnib Formation (Plate 3.9.4; Fig. 1.3). 
Section 2: This section contains thin-bedded calcilutite with chalky fine 
laminations, as above. The upper part of this succession contains many 
small channels and slump folds. The section is cut by both concave-
downwards channels and convex-upwards channels. The sediments include 
numerous benthic forams, particularly Lepidocyclina sp.. Pelagic marl, 
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mudstone and matrix-supported conglomerate and breccias are present (Fig. 
3.2, 3.1; Plate 3.1.2, 3.2.3). 
Section 3: This section is thick-bedded and very rich in henthic forams, 
particularly Lepidocyclina sp. Calcirudite and calcarenite also contain 
planktic forams and a macrofauna, including coral and echinoids. The 
bottom of this section contains chalky marl. 
Section 4: This succession mainly comprises calcarenite and calcilutite. The 
beds range from 0.03-0.07 in thick. These beds are mainly parallel. Small 
fragments of fauna, particularly echinoids and corals, are present. 
Sections 5 and 6: These two successions generally contain bioturbated 
calcilutite with intercalations of calcarenite. These sections are similar and 
contain thin graded units, interpreted as material redeposited as turhidites. 
Secondary halite is present. Fragments of coral and echinoids are common. 
Section 7: The base of this section contains a 30 in thick unit of gravel rich 
in iron oxide. Also small layers of secondary evaporite (gypsum), up to 15 
cm thick are seen. Secondary halite is also present. These layers are 
interbedded between siltstone and calcarenite, with intervals of siltstone, 
breccia and nodular limestone. Above 50 in from the base, detached blocks 
of limestone are found, together with many small channels and slump folds. 
These detached blocks of limestone were derived from the underlying 
Nakhlait Member (Fig. 3.1; Plate 3.9.1). 
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Section S: This succession is generally composed of massive thin- to 
medium-bedded calcarenites and calcilutites, often laminated. Many beds 
are graded, and are interpreted as the Bouma sequences of turhidites 
(Bouma, 1962). At the base of this succession calcilutite with laminated 
intervals is seen at many levels. Some beds are encrusted with iron oxide, 
and abundant fossils. Secondary gypsum and halite are locally present. 
Section 9: The base of this section is widely disturbed by channels, which 
are filled with debris flows and slump folds. Some beds are hioturbated. 
However most beds consist of calcarenite and calcilutite with mudstone 
intervals. Some beds are thin-bedded calcarenite with pebbles. Other beds 
contain pebbles of rounded chert, mixed with calcarenite. Irregular 
secondary layers of chert are also present (Plate 3.2.1; Fig. 3.1). 
Section 10: The base of this section consists of calcarenite and hard 
recrystallized limestone with calcilutite and mudstone intervals in the middle 
part of the succession (Fig. 3. 1). 
Section 11: The base of this section contains small channels filled with 
matrix-supported conglomerate and breccia. Bioturbation is locally observed 
with breccia. Some beds are nodular, and include small layers of chert. 
Thin beds of calcarenite and calcilulite are common, with channels and 
slump folds. Above, the section is directly overlain by the Adawnib 
Formation (i.e. conglomerates) (Plate 3.9.4, 4.4.3; Fig. 3.1). 
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Section 12: The base of this section is calcarenite, with mudstone intervals. These 
sediments are planar laminated or cross-laminated and exhibit strong bioturbation. 
Small fractures are filled with gypsum and/or calcite. Burrows are also common. A 
strong scour and erosion surface is seen at the base of this unit. The axis of this 
channel is orientated 320N and dips to the NE. This section is similar to that in 
Wadi Ashawq (Fig. 3.1). Note that the scale of part of this log (marked A) differs 
from other logs (see Fig. 3.2f for key). 
In the Ra's-Hamar area near the location of section 12A. there is a major 
megabreccia-dominated horizon, up to 20 in thick. Individual megabreccia layers 
are intercalated with finer-grained facies, including calcilutite, mudstone and 
calcarenite (Plates 3.5.1, 3.3.1; Fig. 3.2, Section 12). Individual boulders of coral 
are up to 6 in long. The size of clasts is very variable and fabrics range from 
angular to locally sub-rounded. The matrix is mostly calcareous siltstone and 
m udstone. 
The best exposures of the rocks seen in this section are in fact in Wadi Ashawq, 
where matrix-supported conglomerates are locally seen to be overlain by clast-
supported conglomerates. Individual conglomeratic units are up to 2 rn thick. In this 
area, the conglomerates are channelized and are seen to be cut down into 
calcarenites, interbedded with mudstone. The channelling is marked by a distinctive 
erosion surface (Plate 3.4.1: Fig. 3.1; Enc. 1). The clasts are generally well-rounded 
and vary in size up to 50 cm in diameter. The matrix is mainly calcilutite and 
calcarenite, ranging from soft to hard and well cemented. Some more angular 
pebbles and cobbles also exist. In Wadi Ashawq, matrix-supported conglomerates 
range up to 3 rn thick. The bases are always sharp as a result of scouring and 
erosion. Boulders contain numerous cavities as a result of dissolution of coral 
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(Plates 3.4.1, 3.4.2, 3.4.4). The upper part of this section, 20 m thick, is thin-
bedded and chalky. Interbedded calcarenites contain bioturbated. parallel siltstone 
beds about (Fig. 1.3). 
Section 13: This section located between Mughsayl and Aquabat Aquishan (Fig. 3.1) 
is as follows: 
13.1 - Generally, this section is dominated by thin-bedded calcilutite with mans, 
calcarenite, and some conglomerate and breccia. Channels and slump folds are 
common. Bioturbation and nodular cherts are present, together with pebbly thin-
bedded calcarenite. 
13.2 - This section comprises mainly medium-bedded calcilutites and calcarenites 
with debris flows. It also contains pebbles and graded siltstones. Hard layers are 
very common. Secondary gypsum is again seen. This section is generally similar to 
Section 13.1. 
13.3, & 13.4 - Both contain many channels and slump folds, with hard layers at the 
top. Channels are filled with breccia and exhibit erosion surfaces at the base. 
Individual channels and slump folds range from 10 cm to several metres, and up to 
200 metres long. This section is rich in fossils, including macrofauna and benthic 
and planktic foraminifera. In addition, coral and echinoids are numerous (Plates 
3.5.4, 3.6.1, 3.6.3: Fig. 3.1). 
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Section 14: This section is similar to section 13. Two conglomerate types 
are found in many of the sections shown in Fig. 3.2c (e.g. sections 12, 13-
3) and are therefore described together below: 
This type of conglomerate comprises gravel, cobbles and boulders, 
dominantly composed of chalky carbonates. This sediment is very 
fossiliferous and includes both henthic and planktic foraminifera, and 
fragments of macrofauna, including coralline algae and echinoids. A 
strongly scoured surface is observed at the base of these conglomerates, 
which are strongly channelised. The matrix is composed mainly of tine 
grained carbonate with planktic foraminifera. 
The second type of conglomerate is dominated by clasts of well-
cemented limestone. These include pebbles, cobbles and boulders which are 
relatively rounded compared to the clasts in type A conglomerates. Many 
of the clasts are partly recrystallized. Unlike the chalky conglomerates, 
described above, the lithoclasts are all of shallow-water type, largely corals 
and related fauna (Plates 3.3.1, 3.5.1, 3.5.2). A good example of this type 
of conglomerate is in tact seen at Ra's Hamar, where the conglomerates 
contain large boulders of coral up to five metres in diameter. These huge 
megabreccias form units up to 15 metres thick. Clast-rich layers are 
intercalated with bioturhated calcilutites and calcarenites (mainly 
calciturhidites). Many of the corals in these conglomerates have been 
dissolved leaving cavities. The clasts are randomly orientated, with no 
observable fabrics. An eroded surface is seen at the base of the 
megabreccias, but this is less clear than in the case of some of the smaller 
channelised units, as observed in Wadi Ashawq (Plate 3.4.1). 
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Limestone 	breccia (rich in fossils). 
I Limestone biocalcarenitic chalky limestone. 
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Thin-bedded limestone (with interclasts). 
Thin-bedded chalky limestone. 
Massive, nodular limestone. 
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Coral (Reef limestone, boundistone). 
Plate 3. 4 
3.4.1 Mughsayl Formation, carbonate debris flows, with cobbles and pebbles 
of carbonate material in a silty matrix. This overlies finely laminated 
bioturbated calcilutite, Wadi Ashawq, (see Fig 1.3 for location). Hammer 
is 30cm long. 
3.4.2 Large blocks of coral with cavities as a result of dissolution, Wadi 
Ashawq, (see Fig 1.3 for location). Hammer is 30cm long. 
3.4.3 Chert nodules in calcilutite formed by diagenetic 
replacement (Fig 3.2, section 11). Pen for scale, 10cm. long. 
3.4.4 Boulder conglomerates, arrows show an angular clast. 
Clasts mainly derived from the Mughsayl Formation and include 
planktic foraminifera, Wadi Ashawq. The thickness of the conglomerates 
is 2m. 
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3.5.1 One large block of coral, as seen at Ras Hamar, about 5m 
long, Mughsayl Formation, (Fig 3.2c section 12. See Fig 1.3 for location). 
Hammer for scale, 30cm. long. 
3.5.2 Micrite limestone with abundant redeposited coralline 
red algae and oncolites, from Aquabat Aquishan. 
Oncolite. 
Calcareous algae. 
Note; Hammer is 30cm. long. 
3.5.3 Reworked coral; arrow shows type of coral which may be Fongia? 
(Fig 3.2, section 14). Pen is 10cm. long. 
3.5.4 Debris flow with disrupted thin bedded calcarenite and 
slump folds. Matrix is grey calcilutite (Fig 3.2, section 14). Pen is 10cm. 
long. 
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The matrix-supported conglomerates are invariably located within distinct 
channel structures. Individual channel floors are commonly overlain by 
numerous intratörmational clasts (that may have been derived by erosion of 
channel margins), together with coarse skeletal debris. In some cases, the 
channels are associated with slumps. The individual channels can be traced 
in outcrop up to 200 metres long and are up to 50 metres thick (Plates 
3.1.2, 3.2.3, 3.2.4). One large channel's direction is 220N. 
3.6 FACIES DESCRIPTIONS 
3.6.1 Introduction 
A number of lithofacies can be recognised in the field, based on outcrop 
characteristics, including bedding, composition, texture, colour, fossil 
content and sedimentary structures. The main lithofacies recognised and 
described below are: 
1 calcilutite; 2 fine calcarenite; 3 calcarenite, and 4 megabreccia. 
3.6.2 Calcilutite 
Lime mudstones are ubiquitous and form the background sedimentation 
throughout the Mughsayl Formation. The lime mudstones are generally 
white, to light grey, to greenish and homogeneous. Most are chalky, but 
more indurated varieties are occasionally seen. The lime mudstones are 
normally well bedded, on a 10 to 15 centimetre scale. Laminated 
calcilutites are generally found in the upper part of the Mughsayl 
Formation, although exposures are limited. This facies is very poorly 
lithified. In places, it is cross laminated and associated with channelling and 
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slumping (see below). Water-escape structures are present locally. 
Bioturbation is rare. 
3.6.3 Fine calcarenite 
These lithologies occur throughout the outcrop area of the Mughsayl 
Formation. They are generally yellow, white and pink. These lithologies 
are medium- to thick-bedded (10-100 cms thick) and are mostly laterally 
continuous over several metres in outcrop. These sediments are fossiliferous 
and commonly hioturbated. Secondary gypsum and halite were noted in 
places. 
3.6.4 Calcarenite 
Calcarenites are present throughout the Mughsayl Formation, becoming 
increasingly abundant upsection. Calcarenites can be subdivided into three 
types, based on bedding characteristics: I. thin-bedded; 2. medium-bedded; 
thick-bedded. 
Thin-bedded calcarenite 
The thin-bedded calcarenites comprise 5-20 centimetre-thick, parallel beds 
of silt- to sand-grade carbonates, sometimes with small pebble beds. These 
calcarenites are bioturbated with well preserved fossils in places. Small-
scale channelling and slumping are locally noted. 
Medium-bedded calcarenite 
Small amounts of quartzite chert are locally present at the base of individual 
beds. The calcarenites are well sorted and depositional units commonly tine 
upwards from coarse to medium to fine calcarenites (Plates 3.2.1, 3.2.2, 
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3.2.4). The bedding is generally parallel, but is often disturbed by 
channelling. Where channelled, the bed bases exhibit an irregular erosion 
surface which is infilled with lime mudstones (Plates 3.2.4, 3.4. 1) overlain 
by a channel-till of matrix-supported debris flows (see later section). Within 
these calcarenites there is a rich fauna of henthic and planktic microfossils, 
together with coralline algae. Chert nodules and irregular secondary chert 
lenticles are quite numerous. 
3. Thick-bedded calcarenite 
These calcarenites are over 50 centimetres thick. They are chalky white, to 
pale brown, in colour. Most beds are regular and parallel, but disturbance 
by channelling or slumping is often seen (Fig. 3.2 Section 3, 5, 6, 11; 
Plates 3.2.2, 3.3.2). 
Petrography of calcarenites 
Thin-section studies show that the calcarenites range from carbonate 
wackestones to packstones and grainstones. Where present, cement is 
composed of sparry calcite. Matrix is calcareous mud. The carbonates 
contain glohigerinids (Plates 3.7.1, 3.7.4). A distinctive feature is the 
presence of numerous large, well preserved single specimens of henthic 
töraminifera (Plate 3.7.3, 3.7.4). In addition, fragments of coralline algae, 
bivalves, echinoids, bryozoans, gastropods, sponge spicules and corals are 
observed (Plates 3.6.2, 3.7.2). Burrowing is often well developed. In 
addition, there is a significant siliciclastic component containing detrital 
quartz grains and rare feldspar, derived glohigerina chalk, and micritic 
limestone (Plates 3.7.1, 3.7.3). In some cases, dissolution has occurred 
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Plate 3.6 
3.6.1 Slump folding viewed towards the SW, slumps moved to the SE. Note the 
parallel bedded units above and below, Wadi Ashawq, Mughsayl 
Formation, (See Fig. 1.3 for location. Note; The left of photograph is 
1.5m long. 




Sample 153, Fig 3.2c section 11. Note; scale lcm= 0.7mm. Mughsayl 
Formation. 
3.6.3 Small-scale recumbent slump fold, Wadi Ashawq, pen for scale, 
lOcm.long 
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Plate 3. 7 
3.7.1 Mughsayl Formation, foraminiferal limestone from thin section of 
calcarenite, showing globigerinid chambers filled by micrite and sparry 
calcite. The sediment also contains fragmented shallow marine bioclasts, 
sample number is 78, Wadi Afal, see Fig 1.3 for location). 
a) Reussella2 
b) Globigerinid 
Note; scale lcm= 0.7mm. 
3.7.2 Thin section of a colonial coral composed of calcite. The 
coral walls are comprised of an irregular mosaic of calcite 
crystals. Pores are mulled with sparite and micrite. Thus, some 
crystals are partly neomorphic and partly cement. Sample 153, Fig 3.2c 
section 11. Note; scale lcm= 0.7mm. Mughsayl Formation. 
3. 7.3 Thin section showing: 
detrital quartz. 
Large foraminifer (Lepidocyclina) deformed by 
microfractures, sample number 139, Mughsayl Formation. Wadi 
Ashawq, see Fig. 1.3 for location. Note; scale lcm= 0.7mm. 
3. 7.4 Thin section showing, sample number is 61, Fig. 3.2d section 13-2. 
A fragment of a coralline alga. 
A large foraminifer (Lepidocvclina). 
Broken fragments of large foraminifera. 
Note; scale lcm= 0.7mm. Mughsayl Formation. 
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during diagenesis and resulting voids have then been tilled by micrite, 
secondary quartz and/or sparry calcite. Some bioclasts are also replaced by 
sparry calcite (Fig. 3.6). 
Point counts of the Mughsayl Formation reveal an abundance of henthic 
foraminifera, planktic foraminifera and pellets (Fig. 3.5). The chemical 
composition of the Mughsayl Formation limestones exhibit high CaO, with 
some Si02  and minor MgO (Fig. 3.7). In addition, the Na 20-A1203 -Fe203 
plot confirms the relative abundances typical of limestone with a minor 
temgenous input (Fig. 3.8). 
3.6.5 Rudite (megabreccia) 
Rudites (conglomerates and breccias) form an important component of the 
Mughsayl Formation. Two varieties were noted: clast-supported, and 
matrix-supported conglomerates. The conglomerates mainly crop out in the 
higher levels of the Mughsayl Formation, particularly in the area to the 
west of Raysut Port (Ra's Hamar, Enclosure 2). Another location is in 
Wadi Ashawq (Fig. 1.3). The conglomerates are frequently associated with 
calcarenites, as described above. The two conglomerate types are 
interbedded in the Ra's Hamar area. In Wadi Ashawq, matrix-supported 
conglomerates are generally found to he overlain by the clast-supported 
conglomerates. 
Some of the best exposures of rudites are in Wadi Ashawq, where matrix- 
supported conglomerates are locally seen to be overlain by clast-supported 
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conglomerates. Individual conglomeratic units are up to 2 metres thick. In 
this area, the conglomerates are channelised and are seen to he cut down 
into calcarenites interbedded with mudstone. The channelling is marked by 
a distinctive erosion surface (Plate 3.4.1; Figure 3.1; Enclosure 1). 
3.7 FACES ASSOCIATIONS 
The various lithofacies of the Mughsayl Formation described above can be 
grouped into a series of facies associations, with interpretive significance. 
The more distal open marine facies are discussed first, then those that 
appear to have developed in more proximal settings. 
Lime mudstone with calcarenite interbeds 
Finely-laminated, thinly-bedded carbonates and mans, containing abundant 
planktic töraminifera. 
Calcarenites - grading up into calcilutite 
Like the facies association above, the background sediment is again finely-
laminated planktic/nannofossil carbonate. However, this fades association 
contains a greater proportion of redeposited sediment. Individual beds, as 
calciturbidites, again show sharp bases and graded tops, and both plane and 
ripple lamination is commonly observed. Bioturhation is often very 
extensive. Redeposited horizons have both packstone and wackestone 
textures. The packstones are dominated by large numbers of benthic 
fbraminifera, while the wackestones often contain numerous glohigerinid 
planktic foraminitera (Plates 3.1.1, 3.1.2). The coarser-grained, redeposited 
facies also include bivalve fragments, coralline algae, coral fragments, 
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sponge spicules, echinoids, worm tubes and large foraminitèra. Some of the 
individual carbonate layers are partly, or completely, replaced by black 
secondary chert (Plates 3.2.1, 3.4.3). The chert is sometimes found along 
the bases of individual beds. The chert is, however, lenticular and is rarely 
continuous for more than a few metres. Sometimes the secondary chert is 
highly irregular in shape. Commonly the beds of calcarenite occur in 
amalgamated packets up to several metres thick, intercalated with fine grain 
carbonate and hemipelagic finer-grained fades. Slumps and channelised 
intervals are quite common. 
3. Calcirudites - grading up into breccia 
These calcirudites are matrix-supported and form important channel-tilling 
features. They are well developed at two localities, in Wadi Ashawq and 
at Ra's Hamar. At each locality a distinctive conglomerate type is 
developed, represented as A and B in Figures 3.2c and 3.2d, respectively. 
3.8 SLUMP FOLDS 
As noted above, slump folds are occasionally found within channels. 
However, larger, more extensive, examples of slumps are also found within 
the Mughsayl Formation. These slumps are mainly concentrated in the 
southern and western part of the area studied (Enclosure 1; Plates 3.5.4, 
3.6.1, 3.6.3). Where possible, the trend and plunge, and the dip and strike 
of axial planes of individual slump folds were measured and then plotted 
on stereonets, as shown in Figures 3.3a-c and 3.4a-c. Slump folds 
commonly occur as trains of folds within specific units, up to several 
metres thick. Individual slumps show classic soft-sediment deformation, 
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including thickened fold cores and highly attenuated told limbs. The slumps 
are often associated with shallow-water derived calcarenites. In some cases 
slump folds have been almost entirely disrupted by layer-parallel extension 
giving rise to irregular, streaked-out fold remnants. Most folds are 
extremely tlauened, with limbs orientated nearly parallel to bedding above 
and below except near fold axes. These measurements reveal a consistent 
pattern indicative of a palaeoslope facing towards the south east. Locally, 
some slump folds show evidence of refolding, indicating a complex 
deformation history during downslope transport. The slump folds observed 
conform to the descriptions given by Woodcock (1976). The individual 
slumps are also very similar to those described by Farrel & Eaton (1988) 
from the Miocene Pakhna Formation of southern Cyprus. In common with 
the Mughsayl Formation, these slumps in Cyprus developed within 
unconsolidated calcareous facies, largely chalks, although in Cyprus 
shallow-water derived material is absent, in contrast to the Mughsayl 
Formation. Some of the slumps in the calcarenite-grading up to calcilutite 
t.acies association are very large, up to 200 metres long and 15 metres thick 
(Plates 3.2.1, 3.2.3, 3.3.2). The slump folds are generally overturned 
towards the south-east (Fig. 3.4). 
3.9 DIAGENETIC FEATURES 
The Mughsayl Formation contains a large proportion of redeposited 
shallow-water material, and is, thus, rich in metastable aragonite and high-
magnesium calcite. The redeposited horizons have considerably greater 
diagenetic potential and have lithified faster than the interbedded pelagic 
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\t) tiniuth Dip 
1 315 5 
2 105 12 
3 30 15 
4 42 15 
5 129 is 
6 130 11 
7 38 24 
8 163 19 
9 104 22 
10 230 17 
11 65 6 
12 220 4 
13 340 5 
Fig 3.3 a Dip and strike readings from the Mughsayl Formation. 
b Astereonet diagram of poles to the bedding. 
C) Plotted on a stereonet and contoured. There are northeast. east-
west and north-south orientations. The beds are neai-lv horizontal. 
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b .1 
No; Azimuth Dip 
1 210 15 
2 302 85 
3 320 10 
a 	 4 200 20 
5 266 5 
6 100 2 
7 230 5 
8 20 5 
9 200 15 
10 07 £2 
Fig 3.4 a) Readings of the axial planes of slump folds and the plunge directions. 
b) Plotted on stereonet with contour lines 






I or am mit era 
Fig. 3.5 Point counts of the Mughsayl Formation. Benthic foraminifera, plaktic 







Fig. 3.6 Point counts of the Mughsayl Formation. Micrite, microsparite and 




Fig. 3.7 Triangular plot.: CaO-MgO-Si02, shows the compositions of the 
Mughsayl Formation.. See text for comments. 
Na20 
Fe203 A1203 
Fig. 3.8 Triangular plot: Na20-A1203-Fe203. shows the compositions of 
Mughsayl Formation.. See text for comments. 
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ooze which consists mainly of low magnesian calcite (Dix & Mullins, 1988; 
Eherli, 1988). 
Cementation 
Diagenetically altered grains include corals, gastropods and töraminitra. 
Larger grains are broken, whilst smaller ones are often intact. Bioclasts are 
supported by a matrix of carbonate mud. The chambers of forams are 
commonly filled with sparry calcite cement. The matrix, which includes 
detrital quartz, silicates and organic matter, is mainly uncemented. The 
skeletal fabric generally remains finely crystalline. 
Borings and burrows 
The Mughsayl Formation is rich in borings and burrows. Borings in 
skeletons are straight and parallel sided, whereas burrows have rough walls 
that curve around pebbles and other sedimentary features (Figs. 3.1, 3.2a- 
e). 
Other diagenetic features 
At the base of the formation the sediments are notably nodular. These 
nodules are commonly wrapped around by fine stylolites, as noted 
elsewhere by Tucker and Wright (1990). A number of the calciturhidites 
show evidence of secondary silicification which developed penecontempor-
aneously with lithification (Eherli, 1987). The silicification occurs in thin 
layers and lenses, generally parallel to individual beds. However quartz is 
also seen, following sedimentary structures (with high porosity), suggesting 
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that fluid movement has taken place (Plate 3.7.3). Similar replacement of 
the more porous parts of calciturhidites was recorded in the lower Tertiary 
deep-water successions of the Letkara Formation in southern Cyprus 
(Robertson, 1978). 
Another diagenetic feature is the very high porosity of many of the 
conglomerates. This was caused by aragonitic fossils, in particular coral, 
being dissolved out leaving vugs. In most cases these remain empty 
although some contain secondary carbonate spar and/or gypsum. 
3.10 DEPOSITIONAL PROCESSES 
The individual facies and facies associations described above can now he 
considered in terms of the overall depositional processes operating within 
the basin. These are described below in stratigraphic order. 
A basal hardground is found along the contact with the Nakhlait Member, 
and has been observed at several localities in the vicinity of Wadi Adawnih. 
A low-angle unconformity is present between the Nakhlait Member above 
and the basal layers of the Mughsayl Formation (Fig 4.2). The highest 
surface of the Nakhlait Member shows evidence of irregular erosion with 
common boring, indicating that it was already lithitied prior to 
accumulation of the Mughsayl Formation. Above an irregular, eroded 
surface is found a mixed interval of mudstone, calcarenite and 
conglomerate. The conglomerate and calcarenite consist mainly of material 
that is compositionally similar to the underlying Nakhlait Member. There 
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is also evidence of medium- to large-scale cross bedding and other current 
features. It is therefore inferred that the base of the Mughsayl Formation 
developed in a high energy, current-swept setting, probably a beach or 
coastal environment. These basal, relatively coarse-grained, sediments pass 
rapidly upwards, over a few metres, into finer-grained chalky carbonates, 
with rapid appearance of abundant planktic thraminitera. This is taken to 
indicate a rapid relative sea-level rise. This was presumably caused by 
tectonic subsidence of the Nakhlait Member related to rifting (see Chapter 
7). 
In contrast to the Nakhlait Member the background sediment above the base 
of the Mughsayl Formation was entirely pelagic, suggesting deposition in 
waters possibly as deep as a few hundred metres. The pelagic carbonates 
show occasional evidence of reworking by traction currents. The pelagic 
carbonates also contain intercalations of mainly relatively tine-grained and 
thin-bedded calciturhidites, with both planktic and neritic fossils. Some of 
the planktic ones have packstone fabrics, suggesting that planktic 
töraminiferal shells may well have been concentrated within dilute gravity 
flows. Calciturhidites rich in henthic toraminitera are likely to have 
accumulated in shallower, yet fully submerged areas, followed by gravity 
deposition into the basin. This predominantly pelagic and hemipelagic facies 
association is found throughout the Mughsayl Formation, but is particularly 
abundant in areas further to the east and in the highest parts of the 
succession, close to the contact with the uncontOrmably overlying Adawnih 
Formation. 
These pelagic sediments are commonly interbedded with line- to medium-
and thin-bedded calcilutites and tine calcarenites. These units are from 
several centimetres to tens of metres thick, and have sharp bases and graded 
tops. Pebbly mudstones are also occasionally present, as seen in Wadi 
Ashawq (Fig. 1.3). Some successions also contain small channelised units 
(lOs of centimetres in amplitude) and relatively small slumps (i.e. lOs of 
centimetres to several metres in size) (Fig. 3.2a-e). In some cases 
limestones are locally nodular (Plate 3.8.2). 
The thin- to medium-bedded facies association is interpreted as evidence of 
slope conditions developed during accumulation of the Mughsayl 
Formation. These calciturbidites contain various admixtures of both planktic 
and neritic microfossils. The material is mostly uncemented, suggesting that 
it came from a contemporaneous relatively shallow-water carbonate source, 
rather than by erosion of the older previously lithitied Nakhlait Member. 
These calciturbidites accumulated during a time of strong tectonic 
instability, as shown by the numerous intercalations of slumps and 
channelised units (see below). These calciturhidites commonly occur in 
amalgamated packets suggesting periods of gravity instability. 
Plate 3. 8 
3.8.1 Channel filled by debris flows and later deformed by slumping. 
Layers of secondary chert are also present; Mughsayl Formation. Fig 
3.2, section 11. Hammer for scale, 30cm. 
3.8.2 Calcarenite and calcilutite, cut by spaced pressure solution 
cleavage, near base of Mughsayl Formation, Wadi Adawnib. Hammer 
is 30cm long. 
3.8.3 Chalky, thin-bedded calcilutite and calcarenite, showing evidence of 
gravity instability and truncations; Fig 3.2, section 11. Hammer is 30cm. 
long. 
a. 
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3.9.1 Well-bedded Mughsayl Formation; 
Detached blocks of reef limestone. 
Thin-bedded, with small channels, Wadi Afal. The thickness of the 
outcrop is 2m. 
3.9.2 Normal fault separating the Nakhlait Member and Mughsayl Formation, 
Wadi Afal. 
Note; the fault trends towards southwest. 
3.9.3 Deformation and imbrication of bedding, resulting from large- 
scale slumping; possibly in toe of slump, Wadi Afal. Hammer is 30cm. 
long 
3.9.4 Contact between the Mughsayl Formation and the Adawnib 
Formation. The roadcut below shows good outcrops typical of the 
Mughsayl Formation. 
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CHAPTER FOUR: LATE MIOCENE TO RECENT UNITS 
4.1 LATE MIOCENE ADAWNIB FORMATION 
4. 1.1 Introduction 
The Adawnib Formation, of Late Miocene age, is dominated by polymict 
conglomerates, with subordinate mudstones. The Adawnib Formation is 
extensively exposed in the area of Wadi Adawnib and west of Raysut and 
also east of Taqah town (Enclosure 1, Fig. 1.3). The Adawnib Formation 
unconformably overlies the Mughsayl Formation and passes up with only 
minor disconformity into the Na'r Formation (Red Conglomerates) (Fig. 
4.2, Plates 3.9.4, 4.4.3, 4.4.4). 
This chapter will comprise a discussion of the lithostratigraphy, lithologies, 
sedimentary structures and fossils, together with a mention of the structural 
setting (see Chapter 6). 
The following initial points can be made with regard to the overall 
succession of the Adawnib Formation from the base upwards: 
A thin-bedded, coarse sandstone unit up to 2.10 metres thick is seen 
at the base; 
Above is thick-bedded, oligomict conglomerate; 
There are then alternations of thick- and thin-bedded conglomerates 
associated with quartzose calcarenites; 
Shallow-water carbonates are then seen. 
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However, there is considerable local facies variation. In addition, it should 
he noted that the Adawnib Formation has experienced broad open folding. 
Such folding must also affect the underlying formations, but is not visible 
due to other tectonic effects (e.g. faulting) (Plates 4.2.1, 4.2.2; see Chapter 
6). 
The Adawnib Formation is commonly cross stratified, and is intercalated 
with pebbly calcarenite. The size of clasts generally increases northwards. 
Quartz is quite abundant, possibly derived from the subjacent Palaeozoic 
succession or basement rocks. Shells locally become abundant towards the 
top of the succession (e.g. close to Taqah). The Adawnib Formation is 
moderately to weakly cemented. Finer-grained facies (e.g. calcarenites) 
tend to be more cemented than coarse calcirudites. The Na'r Formation is 
poorly cemented. 
4.1.2 Lithostratigraphy of the Adawnib Formation 
Synonymy - name and type locality 
The Adawnih Formation was previously known as the Miocene 
Conglomerate of Wetzel and Morton (1948) and Beydoun (1964); it was 
termed the Miocene Conglomerates by Beydoun & Greenwood (1968), but 
merely as the "Miocene" by Hawkins t al. (1981). The Adawnib 
Formation crops out extensively in the eastern and western parts of the 
Salalah plain (Enclosure 2). The type area is Wadi Adawnib, where many 
of the best exposures are to he found. 
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Plate 4.1 
4.1 	Sequences of thin-bedded and thick-bedded conglomerate 
Adawnib Formation, Wadi Adawnib. Fig. 1.3 for location. The height of 
the cliff on the right of the photograph is 30m. 
4.1.2 Pebble and cobbles, well cemented, mostly rounded to subrounded, 
Adawnib Formation, Wadi Adawnib. Fig. 1.3 for location. The vertical 
distance between two black lines is 20cm. 
4.1.3 Typical Adawnib Formation; 
Graded, thin-bedded, 
Massive-bedded conglomerate, very coarse, matrix of sandstone 
and gravel, Wadi Adawnib. See Fig.4.1 and Fig.1.3 for location. 
Note; The thickness of thin-bedded is 1.2m. 
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Biostratigraphy and age of the Adawnib Formation 
The age of the Adawnib Formation is Miocene and at least the Middle 
Miocene, is specifically identified according to the BRGM Report (1991). 
A widespread fauna includes the following: 
a) 	Foraminifera. The formation contains large henthic foraminifera, 
i.e. Mi/iolidae (A ustrotrillina sp.), Lepidocyclina sp., Heterostegina sp., 
Miogypsina sp., Opercu/ina sp., and reworked planktonic foraminifera 
Globigerinidae (e.g. Globorotalia sp.); 
Macrofauna: 
These include pelecypods (Veneriolis), gastropods, echinoids, corals and 
coralline algae, together with marine vertebrates (BRGM Report, 1991). 
The faunal evidence suggests mixed settings, including both shallow- 
marine, shelf and open-marine. An active current environment is inferred. 
Lower boundary 
The Adawnib conglomerates rest unconformably on underlying Tertiary or 
Cretaceous formations, and pre-Mesozoic terrain. 
The Adawnib Formation in many areas passes up discontOrmably into the 
Red Conglomerate (Na'r) Formation (Plate 4.4.4). 
Thickness and lateral extent 
The Adawnib Formation is more than 100 metres thick. Exposures north 
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of Raysut in the vicinity of Wadi Adawnib are covered by Pliocene to 
Quaternary conglomerates of the Salalah Plain. The Formation also occurs 
as smaller outcrops west and east of Taqah, as far as Murhat (Enclosure 2). 
The outcrop around Taquah is about 50 metres thick. 
4.1.3 Lithologies present 
Thin-bedded lithofacies 
The thin-bedded lithofacies is found in the lower part of the Adawnib 
Formation, notably in Wadi Adawnib (Plates 4.1.3, 4.4.2). In places, this 
facies directly overlies the highest units of the Mughsayl Formation with a 
disconformable contact (Plate 4.4.3). Alternations of thin-bedded and 
coarse-grained calcarenites of detrital origin, are found in this transitional 
interval (Plates 4.1.1, 4.1.3). In Wadi Adawnib, the thin-bedded facies 
comprises calcarenitic sandstone containing scattered pebbles of limestone. 
This sediment ranges from pink, to yellowish. Individual sandstones are 
mainly homogeneous, in beds up to 1.2 in thick. Conspicuous quartz grains 
are sometimes visible in the field (Figs. 4.1, 4.2). 
Petrography 
In thin-section, the thin-bedded coarse-grained sandy carbonates have a 
grainstone texture and include fragments of quartz, chert and minor 
feldspar; plus iron-oxide and, locally, mudstone. Grains commonly show 
preferred orientation. Bioclasts are numerous and include generally 
fragmented foraminifera, corals, echinoids, ostracods, gastropods and 
remains of large henthic foraminifera. Forms that can he identified include 
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Plate 4. 2 
4.2.1 View showing folds (open folding) typical of the Adawnib 
Formation. The slump folds trend towards the NE, Wadi Adawnib. 
4.2.2 Another view of Adawnib Formation, cut by faults of Neogene 
age. The fault is at the right, Wadi Adawnib, see Fig, 1.3 for location. 









Plate 4. 3 
4.3.1 Thin section in plane polarised light. The grains are mainly 
micritic lithoclasts and macrofossil fragments (e.g. shells). There is 
a partial cement of sparry calcite; Adawnib Formation, Wadi Adawnib. 
Sample number is 117B. 
Note; scale 1cm. =0.7mm. 
4.3.2 Thin section of lithoclastic limestone. Plane polarised light; sample 
number 117B. Scale 1cm. =0.7mm. 
4.3.3 a) Sparite surrounding echinoid fragments. 
Large foraminifera (Lepidocyclina sp.) Adawnib Formation. 
Note; black areas are holes in the slide, sample number 117B. 
Scale 1cm. =0.7mm. 
4.3.4 Thin section of lithoclastic limestone, arrow shows Dictyoconus? 
foraminifera derived from earlier rocks, Adawnib Formation, Wadi 
Adawnib, sample number 117A. 
Note; all these Plates are same location. See Fig.4.1 and Fig. 1.3 for 
location. Scale 1cm. =0.7mm. 
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Lepidocyclina, Miliolidae (e.g. Austrotrillina, sp.), Nodosarriida, Borelis 
Gypsina?, Rotalia (e.g. Sakesaria), Peneroplidae, Heterostegina and 
Dendritina. In addition, calcareous algae were noted. All of this fossil 
material within clasts can he recognised as having been derived not only 
from the Nakhlait Member and the Mughsayl Formation, but also from 
Cretaceous units (BRGM Report, 1991) (Plates 4.3.3, 4.3.4, 4.4.1). Also, 
the presence of feldspar fragments may indicate derivation from basement 
units exposed in the source area. 
Sand supported conglomerate 
This is a local facies that is well exposed east of Taqah (Enclosure 2). In 
this area, conglomerates up to 12 in thick are sand supported. These 
sediments are white, to pinkish calcarenite and yellowish sandstone. Within 
the sand, there are pebbles and cobbles which are rounded, together with 
angular components. Foraminifera and shells are common. This sequence 
is interpreted as having accumulated in a nearshore, possibly deltaic 
environment. 
Petrography and diagenesis 
In thin-section, fine quartzitic grains are numerous. Micritic hioclasts are 
also present. The matrix of the rock, where well cemented, often contains 
angular to sub-angular hioclasts. Numerous large fragments of coralline red 
algae are observed. Minor detrital plagioclase was also seen. Many 
individual töraminifera were fragmented during reworking. Macrofauna that 
were identified include ostracods and echinoids. The microfauna comprise 
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the henthic foraminifera Milioiidae (Austrotrillina sp.); also fragments of 
Peneroplis sp. and Borelis sp.. Occasional fragments of unidentified and 
earlier Tertiary foraminifera were also noted (Plates 4.3.1, 4.3.3, 4.3.4, 
4.4.1; see also BRGM Report, 1991). 
Large brown-stained areas are due to iron oxide (limonite), formed during 
late-stage uplift and weathering. In some thin sections local ironstones 
contain partially altered limonite ooids which are yellow to golden brown 
in colour. In addition, micrite and sparite (calcite) are commonly seen 
between detrital grains and hioclasts. The walls and septa of individual 
bioclasts are micritic, while chambers are infilled with an irregular mosaic 
of sparry calcite crystals of varying size (e.g. Miliolidae; Plates 4.4.2, 
4.3.4, 4.4.3). However, much porosity remains in these rocks 
In an attempt to quantify the components of the Adawnib Formation, a 
small number of thin sections of the medium-grained sandy facies were 
point counted in thin section. 
The following two component sets were point counted: 
Plot 1. 	Benthic foraminifera - pellets - planktic foraminifera; 
Plot 2. 	Microsparite - sparite - micrite; 
Plot I highlights the relative abundance of planktic versus benthic forams; 
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Fig. 4.3 Point counts of the Adawnib Formation. Benthic foraminifera, 








Fig. 4.4 Point counts of the Adawnib Formation. Micrite, microsparite and 
sparite were point counted. See text for comments. 
The composition of the Adawnib Formation contains high amounts of CaO 
and Si02 with traces of MgO (Fig. 4.5). In addition, the formation 
comprises high A1203 with minor Fe201 and trace Na20 (Fig. 4.6). 
4.1 .4 Interpretation 
The Adawnih Formation exhibits variable, shallow marine palaeo-
environments. Its accumulation was influenced by both sea-level change and 
active tectonics. The latest Mughsayl Formation deposits are dated as 
Middle Miocene (Platel t al., 1992; see Raysut sheet). As discussed in 
Chapter 3, the Mughsayl Formation developed in a slope setting during 
active extensional faulting. The unconformably overlying, transgressive, 
oligomict conglomerates of the Adawnib Formation record a rather abrupt 
change in environment from a submarine slope to a shallow-water marginal 
shelf setting. This change is attributed to strong rift-related vertical 
movements. These movements were responsible for creation of the coastal 
escarpment of Dhofar and much of the other fault-controlled topography, 
for example in the region west of Mughsayl (Figs. 7.3, 7.4). On a regional 
scale, this uplift is explained in terms of flexural uplift of the shoulder of 
an active rift (see Chapter 7). This vertical movement was accompanied by 
block-faulting, as observed in the southernmost part of the continental 
margin. In this area, this involved the final collapse of the Rakhyut block, 
composed of Oligocene Ashawq Formation rocks (Platel, 1987). The 
vertical movements probably took place in a transtensional setting, as 





Fig. 4.5 Triangular plot CaO-MgO-Si02, shows the compositions of the 
Ada wnib Formation. See text for comments. 
Na20 
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Fe2O 3  
Nat Formation 	0 
A1203 
Fig. 4.6 Triangular plot : Na20-A1203-Fe203, shows the compositions of the 
Adawnib Formation and Na'r Formation. See text for comments. 
The Adawnib Formation accumulated mainly during the Middle Miocene. 
The formation developed in a high energy, shallow marine setting. In this 
environment, admixtures of contemporaneous Miocene shallow- to deeper-
water sediments accumulated and mixed with clasts derived from older 
lithologies, including Early Tertiary, Cretaceous and basement-derived 
material. It is inferred that small deltas built out southwards into shallow 
seas. Local facies variation reflects variations in the input of reworked 
temgenous material and the presence of an indented coastline, including 
lagoons. Later, accumulation of the Pliocene Na'r Formation took place in 
a terrestrial setting. 
The unconformable nature of the contact with the underlying Mughsayl 
Formation indicates that uplift and tilting had already taken place by the 
time of the first accumulation of the Adawnib Formation. However, it 
appears that deformation (i.e. faulting) continued during the Adawnib 
deformation, particularly in the inferred source area in the vicinity of the 
present Inland Escarpment. 
4.2 THE PLIOCENE? NA'R FORMATION (RED 
CONGLOMERATE) 
4.2.1 Introduction 
In contrast to the Adawnib Formation, the Na'r Formation is a continental 
facies, mainly alluvial, that is poorly cemented. During this work, the Na'r 
Formation was studied only in reconnaissance to allow integration of this 
unit into the overall palaeogeographical and tectonic evolution of the area. 
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Section logging was not carried out systematically. Mapping suggests that 
the Red Conglomerates mull a topography that was created earlier by 
folding of the Adawnib Formation. 
At present the Na'r Formation is not well dated, but is assumed to be 
Pliocene as it overlies the Miocene Adawnib Formation and underlies 
obvious Quaternary units. 
4.2.2 Lithostratigraphy 
Lithology and variation 
The Na'r Formation is dominated by conglomerates. Most of these are of 
relatively uniform clast size and composition, but where located close to the 
inland escarpment (north Salalah plain area) the facies become much more 
variable, both laterally and vertically. In this area, individual conglomerate 
units are typically graded and include thin interbeds of red silty clay (Fig. 
4.2; Plate 4.1.3). 
Thickness 
On the Salalah Plain the Na'r Formation (Red Conglomerate) is rather 
uniform in thickness, being at least 50 metres thick, as seen where it is well 
exposed along both sides of Wadi Adawnib (Fig. 1.3). 
Clasts in the Red Conglomerate are more angular in general than those of 
the Adawnib Formation. On average, the clasts in the Red Conglomerate 
are smaller. Those that are rounded or sub-rounded are inferred to have 
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undergone the most transport. 
4.2.3 Lithofacies 
The Na'r Conglomerate is, for example, well exposed north of Mughsayl, 
where it is dominated by thick-bedded, graded conglomerates. The clasts 
are mainly rounded and largely limestones, ranging from a few centimetres 
to tens of centimetres in diameter. The Na'r Formation has a characteristic 
red colour. In addition to many of the clasts being red, there are interheds 
of brick-red siltstone. Such brick-red siltstone first appears directly and 
conformably on the underlying Adawnib Formation (as a 6 rn-thick unit). 
This basal siltstone passes upwards into massive-bedded, oligomict, 
conglomerates c.50 metres thick. Very coarse conglomerates dominate with 
subordinate calcarenite interbeds. Within the conglomerates there is a 
detrital calcarenite matrix. The clasts comprise pebbles, cobbles and 
boulders, up to I in in diameter, of limestone. Most of the clasts are 
rounded, but occasional angular to sub-angular clasts are also present. 
Many of the angular clasts are interpreted as originally more rounded 
limestone clasts that were broken during transport. Locally, thin-bedded 
sandstones are seen within the conglomerate. These sandstones are poorly 
sorted; towards the top of the succession the matrix becomes more lithitied 
(Fig. 4.1; Plates 4.1.1, 4.1.2, 4.1.3). 
A succession exposed east and north of Mughsayl village (Fig. 4.1) is 
dominated by graded sandstones and coarse conglomerates. Most clasts are 
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well rounded. Gravel pebble and cobbles are present, including rare, large 
boulders up to 50 cm in diameter. Graded sandstones are concentrated near 
the base of this succession, as seen in Wadi Adawnib. Clasts of carbonate 
are generally angular to sub-angular. Within these limestones there are also 
common moulds of bivalve shells and gastropods, particularly near the top 
of the succession. The following tacies were observed: 
Conglomerates composed of well-rounded pebbles; these are mainly 
yellowish to pink, microcrystalline and contain minor quartz (Plates 4.1.2, 
4.3.2); 
Conglomerates composed of sub-rounded boulders and cobbles in a 
matrix composed of graded sandstone and gravel. Many of the cobbles 
contain cavities due to dissolution (Plate 4.4.3). Sorting is poor and 
bioclasts are quite numerous; 
Well-rounded conglomerates in which the pebbles are mainly well 
cemented. These pebbles show preferred orientation and evidence of soft-
sediment deformation (Plate 4.1.2). Some of the clasts include chert-bearing 
lithologies. Quartz grains are also quite abundant in the matrix. In thin 
section, graded sandstones nearer the base of the succession include grains 
of quartz, chert and feldspar (Plate 4.5.1). Bioclastic grains are also 
abundant. 
Microfacies 
The majority of carbonate grains are angular, sub-angular, or locally 
subrounded. Such individual grains are commonly coated with iron oxide. 
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In addition, the muds are in places greenish to brown and are observed to 
contain minor chamosite. Numerous fragments of macrofauna were 
observed as individual reworked grains, including echinoids and 
pelecypods; microfossils are also seen, including glohigerinids and 
Dictyoconids (Plate 4.3.4). In addition to detrital limestone grains, minor 
quartz and feldspar were also observed. 
Neomorphism 
Where present, micritic material within limestone clasts has commonly been 
recrystallized, either in a patchy manner, or as more widespread mosaics 
of neomorphic microspar and minor sparry calcite (Fig. 4.4). 
4.2.4 Petrography 
In thin-section, the conglomerate clasts are seen to be dominated by 
limestone of various microfacies, including biomicrosparite, biosparite and 
wackestone, to packstone. Scattered grains of feldspar are present. Large 
foraminifera are common. Individual foraminifera sometimes exhibit 
micritic envelopes (Plates 4.4.1, 4.3.3). Macrofauna that could he 
identified within the clasts include fragments of corals, echinoids and 
bivalves. Microfossils include Miliolidae Austrorrillina sp., Dendririna sp., 
Coskinalina sp.'!, Amphisregina sp., Dictyoconous sp. and Peneroplidae; 
also Globigerina sp. (Fig. 4.3; Plates 4.3.3, 4.3.4). Little or no variation 
in the distribution of fossils types was seen from the base to the top of the 
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sequence. 
Plate 4. 4 
4. 4. 1 Thin section showing lithoclasts derived from various 
formations with different microfossils, sample 117A, Adawnib 
Formation. Wadi Adawnib. 
Miliolidae (Austrotrillina sp.). 
Borelis. sp. 
Note; scale 1cm. =0.7mm. 
4. 4. 2 Lower part, thin-bedded and fine conglomerate; upper part coarse 
oligomict conglomerate. 
Large angular block with cavities; 
Cobbles surrounded by pebbly gravel and sandstone, Wadi 
Adawnib. See Fig.4.1 and Fig,1.3 for location. The thickness of 
conglomerates is 75cm. 
4. 4. 3 Conglomerate of the Adawnib Formation directly overlying the 
Mughsayl Formation. Abundant rounded to subrounded 
limestone clasts, with sandstone matrix, west of Ra's- 
Hamar (see Fig 3.2 section 11). Hammer is 30cm. long. 
4. 4. 4 Small ridge marking the contact between the Adawnib 
Formation and the Na'r Formation (Red Conglomerate), east 
Mughsayl Village. 









Plate 4. 4 	1 
4.2.5 Interpretation 
During the time of seafloor spreading in the Gulf of Aden during the 
Miocene (ca.10 Ma), the Adawnib Formation accumulated as polymict 
conglomerates from a shallow shelf. Bioclastic limestone contains 
intercalations of thin-bedded carbonate siltstone associated with fine quartz 
calcarenite. The sequences pass up into alternations of conglomerate, with 
very fossiliferous marine interheds, particularly near the top of the 
formation. After deposition of the Adawnib Formation, there was strong 
continental erosion, with marine regression, with only limited tectonic 
activity during deposition of the Na'r Formation. 
4.3 QUATERNARY DEPOSITS 
4.3.1 Lithofacies 
The coastal plain contains widespread and heterogeneous Quaternary 
deposits. These range from alluvial, to colluvial and eolian, with local 
travertine. A variety of beach to coastal marine facies are also seen (BRGM 
Report, 1991). Quaternary deposits occur throughout the coastal plain and 
on the inland desert plateau (Dhofar Plateau) behind the escarpments north 
of Salalah (e.g. Thamrit area, Enclosure 2). No detailed study of the 
Quaternary was carried out during this work. However, a few relevant 
points are made below: 
4.3.2 Alluvial deposits 
River deposits are conspicuous features of the Dhofar coastal plain. Streams 
are ephemeral and erosion occurs in a generally very and climate. 
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However, towards the escarpment the climate becomes more seasonally 
humid during the monsoon, when vegetation develops and drainage is 
correspondingly modified. Behind the major escarpment the drainage is 
mainly inland towards the Rub' Al Khali desert, in which large volumes of 
alluvium have accumulated, mainly in ephemeral lakes and ponds. 
On the coastal plain, cycles of downcutting during the Quaternary have 
given rise to three principal levels of alluvial terrace. These are exposed as 
distinct terraces further inland; however, towards the coast they merge to 
form a widespread alluvial braid plain. Reconnaissance during this work 
supports earlier statements that the downcutting has developed by 
progressive entrenchment of wadis, such that the highest terrace levels are 
the oldest (BRGM Report, 1991) (Enclosure 1). Some observations on the 
three terraced levels are as follows: 
a) 	Upper alluvial fan and terrace gravel deposit 
This comprises abandoned meandering channels. These are inferred to be 
early Quaternary in age and attest to a lower relief and possibly more 
humid climate than at present, one which favoured the development of 
meandering, rather than braided, river systems (BRGM Report, 1991). The 
deposits of this highest terrace are made up of graded conglomerates and 
subordinate sandstones. Cross-bedding is locally well developed (Enclosure 
1, symbol Z); 
h) 	Mid-level alluvial and terraced gravel deposits 
In general these deposits are less well exposed and remain poorly 
documented. However, conglomerates predominate with a sand- and clay- 
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rich matrix (Enclosure I, symbols X and W; BRGM Report, 1991); 
C) 	Lower alluvial terrace and sand deposits 
The lowest of the alluvial terrace borders the present wadi courses. In 
addition to coarse-grained conglomerates and sands, minor silts and muds 
are present, the last mentioned containing trails of gastropods and other 
burrows. These deposits are dated as late Pleistocene to Holocene 
(Enclosure 1, symbol Y; BRGM Report, 1991). 
In general, the progressive downcutting of the alluvial terraces is attributed 
to the effects of Quaternary uplift of the Dhofar coastal plain, perhaps 
modified by the effects of Quaternary sea-level change. The two processes 
cannot be distinguished without more accurate dating. However, the pattern 
of progressively uplifted terraces is similar to some other areas of uplift, for 
example the Quaternary of Cyprus (Poole & Robertson, 1992). 
4.3.3 Colluvial deposits 
Colluvium is sediment, often deposited on slopes, that has developed by 
mass wasting. Colluvium in Dhof.ar is very widespread wherever steep 
slopes are developed, for example along the coastal areas and inland where 
major fault scarps are developed. The colluvium is dominantly talus breccia 
composed of angular limestone blocks. The talus is inferred to have formed 
during the Quaternary. The abundance of such colluvium attests to very 
high rates of erosion, and can he related to rapid Quaternary uplift of the 
Dhofar coastal region. 
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4.3.4 Aeolian deposits 
Wind-blown deposits occur widely in the north Dhotar region mainly 
towards the edge of the Rub' Al Khali sand desert, well outside the study 
area. Sand dunes are particularly well developed in the east where they 
locally overlie Precambrian metamorphic basement. In addition, the 
coastline in some areas is backed by sand dunes, which formed during the 
Quaternary and have since been uplifted and abandoned. 
4.3.5 Travertine 
Streams and rivers are usually undersaturated with CaCO 3 , and freshwater 
organisms, for example snails, often suffer, as some skeletal dissolution 
during life may take place (Scoffin, 1987). Where freshwater drains 
through calcareous rocks or sediments it may become saturated with CaCO 3 
and may then precipitate out. Waterfalls and cascades, where turbulence 
drives off CO 2 . is represented by an ephemeral waterfall in Wadi Dharbat 
(north Taqah Town) (Enclosure 2). The terms tufa or calcareous tufa are 
often used for more porous, spongy varieties that are associated with algae 
(Scoftin, 1987). The crystals vary in length from a few microns to 
millimetres, and occur as crusts around plant streams and leaves, and radial 
growths within fine laminae. This is common in Wadi Sahalnawt (at Am 
Sahalnawt spring), north of Salalah. 
Emerging springs may precipitate carbonate as waters are warmed or CO 2 
pressure is lowered by degassing. A variety of carbonate encrustations may 
then occur (Risacher & Eugster, 1979). Also travertine calcium carbonate 
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may be precipitated where Ca-rich waters flow into CO 3-rich lakes, or vice 
versa. This may occur either through springs or by river inflow, the latter 
may form chemical deltas or plumes. A variety of features result, such as 
tufa or travertine pinnacles (Cloud & La Joie, 1980; Hillaire-Marcel & 
Casanova, 1987), or coated grains (Eugster, 1980; Popp & Wilkinson, 
1983). 
Travertine and associated carbonates are mainly found on large escarpments 
to the north of the Salalah plain (e.g. at the foot of Jabal Qara). Some 
travertine development is facilitated by the monsoon; when rainfall is 
abundant, springs are active, and carbonate-rich waters pour down 
escarpments, favouring rapid calcium carbonate precipitation. Interestingly, 
small freshwater gastropods locally become numerous and can be found 
preserved within the travertine. 
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CHAPTER FIVE: 	MINERALOGY AND GEOCHEMISTRY 
OF MUDSTONES IN THE NAKHLAIT 
MEMBER AND THE MUGHSAYL 
FORMATION 
5.1 INTRODUCTION 
Both the Nakhlait Member and the Mughsayl Formation contain rare thin 
(i.e. <20 cm), intercalations of thin terrigenous mudstones. The main 
objective of this study was to determine their mineralogy and chemistry 
and, in particular, to determine their provenance, for example, whether of 
terrigenous or volcanogenic origin. 
Previous studies (BRGM Report, 1991) have indicated that clays, often 
calcareous, occur in both the Cretaceous and Tertiary sediments of Dhofar. 
In particular, attapulgite was identified in the Urn er Radhurna and 
Dammam Formations and bauxite-rich clays, with kaolinite, were identified 
northwest of Murbat town (Quitquat). These minerals are found close to the 
underlying Precambrian basement and it is assumed that they were derived 
by weathering of these rocks. 
5.2 BACKGROUND TO STUDY 
Clay mineral type and relative abundance are well known to he useful 
indicators of palaeo-environment and state of diagenesis (Chamley & 
Millot, 1975; Millot, 1964; Chamley, 1975). For example, bauxite and 
kaolinite are commonly indicative of weathering in a warm, humid climate. 
Chlorite is typically derived from frromagnesian-rich rocks, often of 
igneous or metamorphic origin. Illite has varied origins, but is commonly 
detrital, being eroded from a variety of rock types. Smectites may form in 
a number of ways. Some smectites, particularly iron-rich ones, such as 
nontronite, have a volcanogenic origin, often associated with basic 
volcanism. Other smectites, particularly the more calcium-rich ones, may 
form in soils by weathering processes (Chamley, 1975). In this case, partly 
degraded rock fragments are initially eroded and transported, generally by 
streams, and are then deposited on coastal plains, where they form soils. 
In semi-arid climates, such as ones in which wet and dry seasons alternate, 
clay mineral reactions occur within the soil profile leading to the formation 
of mixed layer clays (Millot, 1964; Chamley, 1975). 
The climate of Dhofar varies from very and to wet during the monsoon, 
and thus should be well suited to the formation of smectites and mixed-
layer clays in soils. However, only the inland cliffs experience such 
seasonal humidity, the coastal plain remains and throughout the year. For 
this reason little mixed-layer clay and smectite probably form today in soils 
within the coastal Dhofar area. However, this situation may well have been 
different in the past. 
Clay minerals such as illite and chlorite are relatively stable during 
diagenesis, whereas, with relatively deep burial, kaolinite is transformed 
into mainly illite, while smectite and mixed-layer clays are unstable and 
transform during burial genesis and/or at elevated temperatures (Millot, 
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1964). Thus, clay mineral composition can give an indication of source, 
palaeo-climate and the nature of burial diagenesis (Chamley & Millot, 
1975). 
5.3 METHODOLOGY 
Four mudstone samples from each of the Nakhlait Member and Mughsayl 
Formation, together with one sample of iron-rich sediment from near the 
base of the Mughsayl Formation were analyzed by whole-rock X-ray 
diffraction. The standard technique was used whereby representative 
samples were ground up using a pestle and mortar, and then applied to a 
glass slide as a slurry to produce a fabric with little or no preferred 
orientation. The samples were then analyzed using an automatic X-ray 
diffractometer. The resulting X-ray charts were then examined and the 
major peaks were initially identified using a computer program, but were 
then checked manually. To identify individual clay minerals further, several 
of the samples were subjected to thermal analysis. In this case smectites and 
mixed-layer clays are unstable during heating and their structures collapse, 
resulting in a shift in X-ray peaks. 
The mudstones are fine-grained and range from yellowish-brownish to 
greenish. In addition, other sediments identified by X-ray diffraction 
include limestone, gypsum and chert. 
Overall, the samples that were subjected to whole-rock X-ray diffraction 
were found to be composed predominantly of calcite and quartz, with minor 
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dolomite, smectite, kaolinite and goethite. Some samples also contain halite 
and gypsum (Tables la, 2a). Mixed-layer clays were also seen in several 
samples. Relative abundances of these minerals are indicated in Appendix 
3 Tables Ia, 2a. 
Interpretaton 
The abundance of calcite reflects the calcareous nature of the mudstones 
that are interbedded with the carbonate successions. The quartz is assumed 
to he of detrital origin as shown by limited thin section studies and to have 
been eroded from the adjacent basement and/or transported into the area 
mainly by winds from a source area perhaps located within the continental 
interior. The goethite associated with the base of the Mughsayl Formation 
is thought to reflect strong oxidation that took place during erosion (sub-
aerial!) (Appendix 3, Table 2a, Fig. 3.8) that preceded subsidence to form 
the marine Mughsayl sediments. The kaolinite is inferred to indicate 
weathering in a warm humid (i.e. tropical) climate during early Tertiary 
time (i.e. Oligo-Miocene). 
The kaolinite presumably formed by weathering of exposed aluminous 
basement rocks and then was transported into the Nakhlait and Mughsayl 
basins. The smectite and mixed-layer clays are again assumed to represent 
weathering of exposed basement units. The smectite may well record 
formation within soils, in a semi-arid, seasonally wet and seasonally dry, 
climate. The gypsum and halite are interred to be of secondary origin. The 
source areas would have been within the drainage hinterland, now mainly 
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to the north of the study area. 
5.4 GEOCHEMISTRY 
Major and trace element analysis 
As an additional guide to the provenance of the mudstones a representative 
suite of samples from the Nakhlait Member (9), Mughsayl Formation (16), 
the Adawnih Formation (3), and the Na'r Formation (2) were subjected to 
whole-rock X-ray fluorescence analysis. The powdered samples were fused 
and then analyzed according to the technique described by Fitton and 
Dunlop (1985). The analyses obtained were also compared with three 
analyses of Precambrian basement rocks within the Dhofar area (Gass gt 
al., 1990). 
Sedimentary geochemistry can help to indicate the provenance and tectonic 
setting of sedimentary rocks, particularly where the sediments are fine-
grained (Bhatia, 1983; Bhatia tt 1., 1991). In particular, trace elements of 
fine-grained sediments can help to distinguish acidic metamorphic, basic 
metamorphic, diagenetic, hydrothermal and hiogenic constituents. As an 
indication of major element trends, plots of A1 203 versus Ti02 , A1203 
versus Fe203 (total) Al-103  versus K,O and K/Na versus S10 2 are shown in 
Figures 5. la-b and 5.2a. These plots show a positive correlation between 
the above element oxides. 
To allow rapid visual comparison the trace-element data for the Mughsayl 
Formation and Nakhlait Member were normalised against the average 
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-A 	Mughsayl Formation 
Nakh!ait Formation 
Murbat Basement 
Fig 5. 1 Geochemical plots of the Mughsayl Formation. Nakhlait 
Member and the Murbat Basement. a: A1203 versus.Ti02; b. A1203 
versus Fe203. See text for explanation. 
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Fig 5.2 Geochemical plots of the Nakhlait Member, Mughsayl 
Formation and the Murbat Basement. a: A1203 versus, E0, b: K/Na 
versus S102 (wt%). See text for explanation. 
composition of terrigenous shale, using the data of Turekian and 
Wedhepohl (1961). They were also plotted on multi-element "spidergrams" 
normalised against shale (North American Shale Composite; Gromet d ni.. 
1984) (Fig. 5.3). 
Four samples of marl (i.e. calcareous mudstone) from the Nakhlait Member 
(samples 92, 93, 97 and 161) were analyzed. From the normalised plots, 
shale samples of terrigenous origin would plot near to a straight line. In 
tact, the plots show considerable variation, with most normalised elements 
plotting below the average values. The normalised values of Sr and Nd are 
close to or slightly above the composition of averaged normalised shale. 
However, other elements are relatively depleted (Appendix 3; Tables lb. 
2b, 3; Fig. 5.3a). 
Four samples from the Mughsayl Formation plot close to the horizontal line 
(average shale), although most elements are again markedly depleted on the 
normalised plots (Fig. 5.3h). In general, the normalised ratios are 
somewhat enriched (sample 84, 83) within the Mughsayl Formation relative 
to that within the Nakhlait Member (Appendix 3; Tables la, 2a). 
In general, the major and trace element geochemical data for the Nakhlait 
and Mughsayl mudstone samples analyzed are indicative of a terrigenous 
composition, although this differs from the global average shale 
composition, as noted above. The goethite-rich sample from the top of the 
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Nb Zr V Sr Rb Th Pb Zn Cu Ni Cr Ce Nd La V Ba Sc 
Nb Zr Y Sr Rb Th Pb Zn Cu Ni Cr Ce Nd La V Ba Sc 
Fig 5. 3 Average shale normalised multi-element spidergram for 
mudstones a: the Nakhlait Member, b: the Mughsayl Formation. 
Normalising values from Turekian and Wedepohl (1961). 
shale. Only the trace elements, Nb and Zr are on average slightly above the 
compositions of the normalised shale, while Zr, Y, Rb, Th, Pb, Zn, Cu, 
Ni, Cr, Ce, Nd, La and Ba are relatively depleted. Sc is virtually 
undetectable (Appendix 3 Tables lb. 2h, 3 Fig. 5.6). General depletion is 
to be expected as the mans and mudstones are calcareous relative to 
average shale, but the reason for the extreme depletion of Rh and Ba in 
particular is not known. 
In addition, the relative abundances of the trace elements, La, Sc, Th, Ti, 
Zr and V are particularly useful for provenance discrimination, as these 
trace elements are not normally strongly fractionated during weathering or 
sedimentary transport (Bhatia, 1983; Bhatia and Crook, 1986; Roser and 
Korsch, 1986; Humphries et al., 1991). The normalised values of these 
trace elements can be compared with the ratios from known settings, as a 
provenance indicator. For basalts, the ternary discriminant diagram Ti 
versus Zr versus Y is particularly useful (e.g. Pearce and Cann, 1973). 
However, for fine-grained sedimentary rocks the binary discrimination 
diagram Si02 versus K20/Na20 is applicable (Roser and Korsch, 1986; Fig. 
5. 2b). Other effective ternary plots are Th versus La versus Sc and the plot 
Zr! 10 versus Th versus Sc (Bhatia and Crook, 1986). These various plots 
are shown in Figure 5.4. For comparison, the mudstones analyzed are 
plotted together with three samples of crystalline rocks from the Pre-
cambrian basement of the Murhat region (Gass t al.. 1990). These samples 
plot mainly in the OIA (Ocean Island Arc) field. The data for the crystal-
















-iD 203b 4050 eo-io so 
SIOZ wt%-) 
Fig 5.4 Geochemical plots from the Murbat Basement, the Nakhlait Member and 
the Mughsavl Formation. mudslone. a: La versus Th versus Sc. b: Th versus 
ZrUO versus Sc. The plots are scattered. Scandium is relatively depleted. C: K\Na 
versus SiO2 (wt%) diagram (Roser and Korsch. (1986). Fields: OLA (Ocean 
Island Arc. PM (Passive Margin). CIA (Continental Island Arc. ACM iActive 
Continental \larinL See text for explanation. 
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were originally igneous rocks of Ocean Island Arc type (Gasst ni., 1991). 
The origin of the Precambrian basement is outside the scope of this study. 
However, the comparison based on the limited available data suggests that 
the mudstone samples analyzed could well have been derived from 
Precambrian basement rocks similar to those exposed in the Murhat region. 
5.5 INTERPRETATION 
The deposition of the mudstones can he explained as follows: in the 
Nakhlait Member the mudstones are associated with occasional intervals of 
terrigenous clastic sediments including localized siltstones and sandstones. 
It is likely that these were introduced from the neighbouring continental 
area, perhaps during times of relative sea-level fall when clastic sediments 
prograded across the carbonate shelf. The origin of the rare thin mudstones 
in the Mughsayl Formation is less obvious. The background sediments there 
are planktic foraminiferal chalks. The mudstones themselves are uniformly 
fine-grained and show little evidence of deposition by turbidity currents 
and/or traction currents. One possibility is that they were introduced by 
winds, perhaps reflecting periodical dust storms within an and hinterland. 
Today such storms are well known to be capable of transporting large 
volumes of fine-grained terrigenous sediment into the ocean around the 
Arabian peninsula (Sirocko t di., 1991). In addition, the localized 
terrigenous sediments at the base of the Mughsayl Formation probably 
record subaerial exposure during erosion of the Nakhlait Member, related 
to flexural uplift during rifting, and prior to subsidence to form the 
Mughsayl marine basin (see chapters 6 and 7). 
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CHAPTER SIX: STRUCTURAL ASPECTS 
6.1 INTRODUCTION 
This report so far has dealt mainly with the sedimentology and depositional 
environments of the Nakhlait Member, the Mughsayl Formation and the 
Adawnib and Na'r Formations. However, these successions have been 
subjected to extensive tectonism, especially faulting. Structural features 
were observed and mapped as far as possible on aerial photographs and 
topographic maps during this study. In this chapter, structural features 
observed are described and interpreted, as a guide to the overall structural 
and tectonic evolution of Dhofar during Tertiary to Recent time (Enclosures 
1, 2, 3; Fig. 1.2). 
It is clear that the present-day topography is fault controlled. The most 
obvious of such fault-related features is the major escarpment running 
NNE-SSW, to the north of Salalah (Enclosure 2). Also, the prominent cliffs 
in the west of the area around Mughsayl are fault controlled. There is also 
some evidence of, mainly open folding. Obvious questions are the nature, 
orientation and timing of movement on these faults. To shed light on these 
aspects, the faults observed are described below, taking each of the areas 
studied in turn. 
6.2 STRUCTURE OF SUB-AREAS 
Taqah area 
The region east of Salalah (Fig. 1.2) extends up to the escarpment and 
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eastwards as far as the Precambrian basement exposures near Murhat. This 
area is dominated by numerous E-W trending normal faults with, where 
determinable, relatively small vertical throws (up to 50 m). The faults 
affect the whole coastal region (Enclosure 2) which extends seawards to the 
Kuria Muria Islands (Gass t al.. 1990). Although variable, the most 
common fault trends are NE-SW and nearly E-W. Data are taken from the 
BRGM mapping and are plotted in Enclosure 2. In the southeast of the area 
(near Murbat and Sadah) the faults mainly trend at 115 E, although a 
subordinate trend of N75E was also observed. The faults in this area have 
been interpreted as being related to formation of the Hasik graben, east of 
Murhat (Fig. 1.2) (Roger 1 9., 1989; BRGM Report, 1991). 
In the area east of Salalah, normal faults are observed to cut the Eocene 
formations (the Dammam and Rus Formations), and also transect the 
Nakhlait Member. Locally they also cut the Adawnib Formation as well 
(Enclosure 2). 
Salalah area 
This area extends northeast from Salalah across the plain to the inland 
escarpment behind. This area is again dominated by normal faults, mainly 
trending NE-SW, but with some local variation (Enclosure 2). Where 
shown, fault throws, both to the north and south were taken from the 
Ministry of Petroleum of Minerals mapping, with additional observations 
during this study (Enclosure 2; Fig. 1.2). In this area, the normal faults cut 
the Mughsayl Formation and locally the Adawnib Formation, while the 
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Plate 6.1 
6.1.1 View of normal faults cutting the Mughsayl Formation to the ea 
of Ra's Hamar. Note; the well developed array of small 
extensional faults. The fault planes strike 308 ° and dip 50° to th 
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Plate 6.2 
6.2.1 Sub-vertical normal faults are well exposed on the headland in the centre 
of the photo. Photograph taken parallel to strike of main fault planes. 
Same area in Ra's Hamar as 6.1.1. The hight of the cliff on the left of the 
photograph is 30 m. 
6.2.2 and 6.2.3 Sub-vertical fractures created by normal faulting that were 
infilled with talus, view parallel to fault planes. The faults trend towards 
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Na'r Formation and the Plio-Quaternary sediments appear to he unaffected, 
suggesting a time break and unconformity between the two. 
Mughsayl area 
This area extends east, west and north of Mughsayl village (Enclosure 2). 
It has the greatest topographic relief, and the best exposure (Enclosure I). 
In general, the area is dominated by an array of SW-NE trending normal 
faults, some of which are anastomosing. Faults terminate to the NE against 
a major WNW-ESE trending fault lineament in the vicinity of Big Canyon 
(Enclosure 2; Fig. 6.5a). Major faults in the rugged coastal area west of 
Mughsayl are mainly downthrown to the northwest. In this area the faults 
mainly cut the Nakhlait Member and the Mughsayl Formation (Plates 
6.3.3, 6.3.4). A few faults also cut the Adawnib Formation, while localised 
Plio-Quaternary deposits in the east of Mughsayl appear to be unaffected 
(Fig. 6.2a, h; Plate 6.4.2). 
Inland Escarpment 
Insights into the three-dimensional geometry come particularly from the 
inland escarpment which is a very prominent nearly E-W trending structure. 
In addition, well and seismic data are also helpful (see below). 
Reconnaissance observations of the Inland Escarpment show that the 
exposed Phanerozoic sequence is strongly faulted along the line of the 
escarpment. The fault is nearly vertical or dips very steeply southwards 
(Enclosure 2; Fig. 6.5b). Strata on the northern side of the fault are sub-
horizontal and have been sharply truncated by the faulting. However, 
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successions on the southern side of the fault show evidence of large-scale 
block rotation towards the south (i.e. seawards). This is interesting because 
many extensional faults show evidence of back rotation into the föotwall of 
individual faults, e.g. extensional areas in the North Sea, or the Basin and 
Range of western USA (Nicholson t al., 1994). However, forward block 
rotations have also been observed, for example, in the onshore faults 
adjacent to the Moray Firth basin, north east Scotland (J R Underhill, pers. 
comm. 1994) and in the late Tertiary Polis graben of south west Cyprus 
(Payne & Robertson, in press). At present, it seems likely that forward 
block rotation is favoured in situations where the extension is very limited 
and displacement is dominated by vertical movements (including strike-
slip). In Dhofar, relative downthrow to the south, with only limited 
extension along the inland escarpment resulted in large-scale forward block 
rotation (Fig. 6.5b). The major faults resulting in formation of this scarp 
can he traced laterally for Ca. 60 km. To the northeast, however, the 
faulting and the escarpment die out (north of Murhat region). The 
escarpment and related faults also mainly die out towards the southwest, as 
shown in Fig. 1.2, Enclosure 2. 
Timing of faulting 
An important question is the timing of the faulting. All of the important 
faults cut the entire section up to and including the Mughsayl Formation. 
As noted in the interpretation of the Mughsayl Formation in Chapter 3, it 
was inferred that the faulting took place during accumulation of the 




1 150 20 
2 180 57 
3 160 88 
4 152 58 
a 220 68 
172 54 
7 120 70 
8 210 58 
9 120 30 
10 120 30 
11 200 51 
12 145 48 
13 320 45 
14 130 36 
15 175 28 
16 5 40 
17 151 53 
18 225 44 
19 172 55 
20 210 60 
21 210 20 
22 295 0 
23 10 5 
24 300 24 
25 195 22 
Fig. 6.1a) Field measurements of faults. 




Fig 6.1c) Poles of fault planes plotted on a stereonet and contoured. 
Note; 
Poles to fault planes 
Strike of fault planes 
No: Azimuth Dip 	 135 
175 0 
2 175 0 
3 16 0 
4 175 0 
5 150 0 
6 10 0 
7 50 0 
8 25 0 
9 15 0 
a 	 10 20 0 
H 15 0 
12 20 0 
13 50 0 
14 20 0 
15 45 0 
16 165 0 
17 30 0 
IS 40 0 
19 44 0 
20 45 0 
21 34 0 
22 35 0 
23 60 0 
24 40 0 
25 40 0 
26 25 0 
27 30 0 
28 10 0 
29 55 0 
30 50 0 
31 40 0 
32 20 0 
33 13 0 
34 175 0 
Fig. 6.2a) Fault trends taken from map of west Dhofar area (Enclosure 1.2a). 
h) The above data plotted on a stereonet and contoured. The fault directions are 
mainly SW-NE. 
Plate 6.3 
6.3.1 Low-angle slickensides cutting the Mughsayl Formation. These 
possibly result from strike-slip faulting The fault planes strike 
220° and 68° to the southwest, (near Mughsayl Village). 
6.3.2 Small normal fault, cutting the Mughsayl Formation near the top of 
the succession, Wadi Ashawq. The fault trends towards the southwest, 
Wadi Adawnib. 
6.3.3 Many fractures, with different orientations have been produced by 
normal faults; nearly west-east trending. 
6.3.4 View of normal faults cutting Mughsayl Formation. The fault planes 
trend towards NE, Wadi Ashawq. See Fig. 1.3 for location. 
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sedimentation appeared to have been located in the vicinity of the present 
major fault scarps. It is, thus, very probable that the major faults that 
deform the Nakhlait Member and the Mughsayl Formation already began 
to be active during deposition of the Mughsayl Formation. As discussed in 
Chapter 4, the Miocene Adawnib Member (Ca. 20 m.y.) is highly 
conglomeratic, implying a source in topographically high areas to the north. 
The obvious source would he the present inland escarpment area, suggesting 
that it already existed by this time. The Adawnib Formation is gently 
dipping or sub-horizontal throughout the area (Plate 4.4.4). It shows 
relatively little evidence of large-scale faulting compared to the underlying 
Mughsayl Formation, where both units are exposed in the same area (e.g. 
east of Mughsayl). However, the Adawnib Formation is cut by generally 
east-west trending faults within the Salalah Plain between Taqah and 
Murhat (Enclosure 2). Also the Adawnib Formation shows evidence of very 
gentle open folding in places (e.g. in Wadi Adawnib) (Fig. 1 .3; Plates 
2.2.1, 2.2.2). 
In summary, it can therefore he inferred that most of the important faulting 
took place during, or immediately after, deposition of the Mughsayl 
Formation and to some extent during accumulation of the Adawnib 
Formation; relatively little faulting took place subsequently. There is, for 
example, little or no evidence of faulting in the Na'r Formation, or within 
overlying Plio-Quaternary successions, It can, therefore, he inferred that the 
rift-related movements had largely ended by the Plio-Quaternary, although 
uplift of some areas (in the W) may have continued up to the present time. 
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The following structural history can thus he inferred for the formations 
studied in Dhofär, combining both sedimentological and structural 
information. The Nakhlait Member developed in an unstable subsiding shelf 
related to the onset of rifting. Subsequently, rifting was accentuated, 
causing initial flexural uplift, then collapse of the Nakhlait Formation. The 
dominant fault trends were by then established, creating basins in which the 
Mughsayl Formation accumulated. The faults are envisaged as being growth 
faults active throughout deposition of the Mughsayl Formation. At the end 
of deposition of the Mughsayl Formation (22 Ma), the entire Dhofar region 
was strongly uplifted resulting in marine regression. Two alternatives are 
possible. First, faulting was almost entirely complete prior to accumulation 
of the Adawnib Formation. In this case the existing fault scarps were 
simply uplifted and, after exposure, underwent erosion to create the 
conglomeratic Adawnib Formation. The second possibility is that faulting 
continued during and after the uplift, increasing the relief along the inland 
escarpment and, in turn, shedding conglomerate southwards to form the 
Adawnib Formation. Reconnaissance study of the Adawnib Formation has 
indicated that the size of clasts within the conglomerate increases strongly 
towards the inland escarpment. This suggests that this area was, indeed, the 
source area for most of the Adawnib Formation conglomerates. Also the 
Adawnib Formation was noted to he open folded towards the northeast. 
Faulting and folding probably took place in the Late Oligocene and Early 
Miocene. These faults are generally northeast trending, forming fault zones 
and grabens north of Salalah (Plate 6.4.2; Enclosure 2). This folding may 
relate to continued faulting and southward block rotation along the 
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No: Azimuth Dip 
1 10 0 
2 8 0 
3 15 0 
4 30 0 
5 170 0 
6 15 0 
7 10 0 
8 15 0 
a 	 9 6 0 
10 15 0 
11 170 0 
12 10 0 
13 20 0 
14 170 0 
15 5 0 
16 10 0 
17 20 0 
18 5 0 
19 165 0 
20 155 0 
21 160 0 
22 170 0 
23 165 0 
24 165 0 
25 160 0 
26 20 0 
27 10 0 
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Fig 6.3a) Fault trends taken from map of Salalah Plain area (Enclosure 1.2b). 
b) Above data plotted on a stereonet. the fault directions are mainly N-S. 
No: Azimuth Dip 
155 0 
2 160 0 
3 163 0 
4 138 0 
5 125 0 
6 130 0 
7 140 0 
8 8 0 
9 180 0 
10 170 0 
11 5 0 
a 	 12 104 0 
13 140 0 
14 130 0 
15 165 0 
16 155 0 
17 140 0 
18 165 0 
19 170 0 
20 175 0 
21 10 0 
22 130 0 
23 145 0 
24 143 0 
25 155 0 
140 
25 Data 
Fig. 6.4a Fault trends taken from map of East Salalah Plain area 
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Adaw lb Formation 
ughsayl Formation 
FORWARD ROTATED BLOCKS 
Fig. 6.5 Schematic diagrams illustrating; a. Depositional setting of the 
Mughsayl Formation: h. Depositional setting of the Adawnib Formation. 
See text for explanation. A more complete interpretation using seismic 




6. 4. 1 Normal faults cutting the Mughsayl Formation, Wadi Ashawq. 
Note; the faults trend towards the northeast 
6.4.2 Good exposures of the Adawnib Formation. Note; the open 
folding in the centre right part of the photo; wave-length about 
200m. and amplitude about 5m. These slump folds trend towards the 
NE, Wadi Adawnib. 
Plate 6.4 
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escarpment during accumulation of the Adawnib Formation. 
In summary, it seems most probable that extensional faulting began during 
accumulation of the Nakhlait Member; it then became accentuated during 
deposition of the Mughsayl Formation; extensional faulting was then 
strongly active during uplift and regression and continued during deposition 
of the Adawnib Formation (20 m.y.) and possibly the overlying Na'r 
Formation also. Faulting had become largely inactive by the Quaternary 
period. However, in the west fault-related uplift of the coastal cliff area 
may still be continuing. 
6.3 REGIONAL TECTONIC RELATIONS 
In general, the offshore Gulf of Aden is well known to be a transform-
dominated small ocean basin (Girdler, 1991). Study and correlation of 
magnetic anomaly patterns suggest that spreading began around Late 
Oligocene to Early Miocene (Girdler, 1991). Short spreading axes are offset 
by long transform segments. Limited available data suggest that a number 
of these transform segments can be traced towards the Dhofar coast. One 
of the most prominent of such lineaments is the Alula Fartak transform 
fault, which appears to intersect Dhofar to the west of the study area. It is 
likely that the present oblique opening of the Gulf of Aden was initiated 
with strong transtensional faulting during the Oligo-Miocene rift phase. 
Many of the anastomosing high angle faults onshore are apparently strike-
slip faults. More detailed structural evidence is needed on these. However, 
in general, as noted above, the nature of the inland escarpment, particularly 
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the presence of very large-scale forward rotated blocks, the fact that the 
faults die out in both directions and the presence of local strike-slip 
slickensides observed locally on some generally E-W trending faults in 
coastal areas (e.g. Taqah area), could reflect a strike-slip influenced rift 
setting. Such strike-slip faults would have terminated towards the north east 
and passed into extensional normal faults, as observed further southwest 
towards the Mughsayl area. The large-scale fault pattern is shown in 
Enclosures 1, 2. The history of rifting may be similar to that of the 
Equatorial Atlantic transform margin (e.g. Mascle, 1977; Mascle & Blarez, 
1987), which is the best documented modern-oblique rifted passive margin 
known elsewhere. However, the detailed kinematic history and relations of 
these faults was outside the scope of this, mainly sedimentological study, 
and must await future work. In general it was noted that the major Aulla 
Fartak transform fault comes onshore and traverses the study area in a NE-
SW direction (Fig. 7.1). 
After a phase of possible oblique rifting, seafloor spreading was initiated 
in the Gulf of Aden and this then resulted in strong thermal uplift of the 
marginal area including Dhofar. After spreading began the adjacent short 
spreading axis would eventually have migrated away leaving behind a 
young passive margin. Because spreading was strongly oblique, the hot 
spreading axis was, however, not far removed from the margin, hence the 
Dhofar area remained topographically high and as yet does not show 
evidence of subsidence resulting from cooling, as on orthogonally rifted 
passive margins. Indeed, observations and modelling of oblique-rifted 
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passive margins show that subsidence is greatly reduced relative to normally 
rifted margins (e.g. Scruuon, 1979; 1981). In addition, the Dhofar area 
may be within the zone of influence of a mantle plume situated in the Afar 
triple junction area to the west. Oil company exploration data indicates that 
uplift of the northern coastal area of the Gulf of Aden was ca. 500m, and 
that some uplift extended as far as eastern coastal Yemen, close to the study 
area (C. Banks, pers. comm., 1994). If so, the Dhofar region would again 
have remained relatively elevated. More data are needed to test this 
possibility. 
In summary, the structure of the onshore Dhotar area is interpreted as an 
excellent example of an oblique-rifted passive margin, which deserves 
considerably greater structural study in future, especially if additional 
marine geological data become available. An oblique-rifted, pull-apart 
setting provides a plausible explanation for accumulation of the Mughsayl 
Formation within one or several transtensional rift-related basins. How this 
relates to the wider regional geology will he discussed in the following 
chapter (chapter 7). 
CHAPTER SEVEN: REGIONAL TECTONICS AND SYNTHESIS 
7.1 HISTORY OF RIFTING AND UPLIFT RELATED TO THE OPENING 
OF THE GULF OF ADEN 
The East African rift is one of three rift arms that propagate outwards from the Afar 
triple junction, situated in the north-east of Africa (Gass, 1980; Barheri and Varet, 
1977; Mohr, 1976; Black el al., 1974). Afar lies in the junction of two oceanic rifts, 
the Gulf of Aden and the Red Sea, with a continental rift, marked by the East African 
rift system. These three rifts mark the boundaries of three plates, the Arabian 
sub-plate, the African plate, and the Indian Ocean plate. Determining the history of 
motion between the Arabian sub-plate and the African plate, in the Gulf of Aden and 
the Red Sea is an important current question. The pattern of opening of these rifts 
was established at the beginning of the Miocene (Gass, 1980; Barberi and Varet, 
1977; Mohr, 1976; Black I al., 1974) (Fig 7. 1, Enclosure 3). 
Rift systems have been subdivided into "active" and "passive" types depending on 
whether they are mantle activated, or lithosphere activated. This reflects the relative 
role of asthenospheric upwelling in rifting (e.g. Sengor and Burke, 1978; Allen, el 
Al., 1990). 
Several models have been suggested to explain lithospheric stretching. One rift model 
is the uniform stretching model (pure shear model) of McKenzie (1978). This assumes 
that the crust and suhcrustal lithosphere are attenuated by an equal amount, such that 
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An alternative, simple shear model, has also been suggested (e.g. Wernicke, 1981; 
1985; Wernicke and Tilke, 1989; Davis et al., 1986; Ussami gg al., 1986). This 
invokes development of an intra-crustal shear zone during lithospheric extension, that 
cuts at shallow angles through to (and beyond) the base of the lithosphere. 
Very steep continental margins on both sides of the Gulf of Aden are indicated by 
seatloor contours. Steep margins are typical of some zones of strike-slip faulting and 
pull-apart basin development (Mann 1A al., 1983). 
7.2 REGIONAL TECTONIC EVOLUTION 
This section outlines the Late Mesozoic-Tertiary regional tectono-sedimentary 
framework of the South Oman region. 
The Neogene history of the study area was influenced by the Late Cretaceous-Early 
Tertiary geological setting of the Dhofar margin (Chapter 1). During the Cretaceous, 
Dhotar was part of a vast south Tethyan carbonate platform. Sedimentological 
interpretation shows that geodynamic processes operating in Dhofar during the Early 
Cretaceous involved extension and basin formation. This was followed by a change 
at the Turonian-Coniacian boundary to a phase of uplift, active until the end of the 
Late Cretaceous (BRGM Report, 1991). 
After the end of the Cretaceous, sediments in South Oman were laid down 
disconformably on the Cretaceous successions, and a Palaeocene-Eocene marine 
transgression progressed across Dhota.r from west to east (Platel tj a!, BRGM Report, 
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1991). 
During the Palaeocene and Eocene the whole region continued to form a single 
immense shelf covered by an epicontinental sea, alternately transgressive and 
regressive. The thickest units, mainly carbonates, were deposited during transgressive 
periods, while deposits including evaporites were accumulated during regressive 
periods (BRGM Report, 1991). 
During the Early Palaeocene, a new spreading axis became active to the east, along 
the central western margin of India and this may explain the coincident outpouring 
of lava in the Deccan Traps (Norton and Sclater, 1979; Mountain and Prell, 1990). 
The western limit of the proto-Carlsberg Ridge (at the Owen Ridge or against the SE 
Oman margin) may have been involved in a Palaeocene plate reorganisation (Norton 
and Sclater, 1979). The proto-Carlsberg Ridge axis between Madagascar and India 
jumped several hundred kilometres northward during the Early Palaeocene (Norton 
and Sclater 1979). India continued a rapid (15-25 cm per yr) advance towards Eurasia 
until continental collision with Eurasia in the Eocene (Anomaly 22 times, 53 Ma; 
Patriat and Achache, 1984). 
In the Bartonian (Eocene) a carbonate platform still made up a large area of 
south-eastern Yemen (Beydoun, 1964) and Dhofar (Roger aL, 1989), extending 
into Africa. It was only at the end of the Bartonian that the geological history of 
southern Dho& became distinct from the rest of the region as a whole. Whereas the 
Arabian platform underwent emergence at this time, downwarping of the southern 
edge of Dhofar allowed continuation of marine sedimentation, which persisted during 
the Priabonian (BRGM Report, 1991). 
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In Dhofar especially locally, uplift was probably followed by peneplanation, with 
erosion of the Cretaceous substrata. North of Salalah, the U mm-er Radhuma 
Formation directly overlies the Cretaceous. More regionally, an unconformity 
separates the Cretaceous from Tertiary deposits. The Umm-er Radhuma Formation 
resulted from a transgression that began during the late Early Eocene. The Eocene 
basin became extremely wide, as a generalised transgression submerged the southeast 
margin of the Arabian Peninsula. 
The basin which developed in Southern Oman throughout the Eocene first recorded 
a period of regression in the late Early Eocene, then the sea regressed permanently 
in the Late Eocene. 
Lower Oligocene sediments were deposited in separate, isolated sub-basins, located 
at the intersection of NE-SW strike-slip (later transform) faults with an older, set of 
reactivated faults with a NW-SE trend (BoU et al., 1992). It is likely that fracture 
zones and faults, dating from the earlier tectonic history, were reactivated during the 
Neogene plate reorganisation that accompanied the opening of the Gulf of Aden. 
Uplift of the Owen Ridge occurred in Early to Middle Miocene time (Whitmarsh 
al., 1974h). Re-initiation of deformation along the margins of the Gulf of Aden 
apparently coincided with tectonism along the Owen Ridge. The main rifting of the 
Gulf of Aden took place along fracture zones. The fracture zones also influenced 
deformation and sedimentation along the coastal border of Dhofar, during 
Oligocene-Miocene time. 
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Pull-apart basins associated with strike-slip faults share some characteristics with 
passive margins. The major differences are that pull-apart basins do not go to 
completion (i.e. oceanic spreading); also, pull-apart basins are smaller and 
shorter-lived features (Aydin and Nur, 1982; Karner and Dewey, 1986; Mann  
1983) (Figs. 6.5a, Enclosure 1). 
A tectonic model for the evolution of the Dhofar Basin (Salalah Plain), based on 
information in this thesis, and the known regional tectonic setting, is given below 
(Figs. 6.5a, h, 7.2a, b, c, Figs. 7.3). 
7.3 GULF OF ADEN RIFTING: FIELD EVIDENCE FROM DHOFAR 
Field evidence for rift-related subsidence is the Early Oligocene facies of the Nakhlait 
Member. The southern margin of the Dhofar rift system progressively collapsed, 
creating a subsiding basin, with deposition of shallow-marine carbonates on an 
unstable shelf. Facies include open shelf and patch reefs of the Nakhlait Member 
(Figs. 6.5a, 7.2 a, h). 
The Nakhlait Member carbonate platform later collapsed to form a deeply submerged 
slope, with accumulation of deeper-water sediments of the Mughsayl Formation 
during the Early Oligocene. Acceleration of rifting at this time created large faults 
defining a horst-graben system. Fades up to 600 in thick were dominated by pelagic 
carbonates of the Mughsayl Formation. Syn-sedimentary deformation structures, such 
as slumps, channelling and truncation are common. Debris flows and detached blocks 
are also present. These are rich in both henthic and planktic fossils. The presence of 
planktic foraminiferal associations indicate that deep-water deposition continued from 
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Fig 7.2 Schematic diagrams showing simplified tectonic models for the basins 
during the Early Oligocene-Early Miocene; a, Nakhlait Member; b, Mughsayl 
Formation; c, Adawnib Formation. A further model based on seismic reflection 
data extending into the offshore is shown in Fig 7.3 
Middle Miocene, transgressive, shallow-water carbonate conglomerates of the 
Adawnib Formation limestone were deposited unconformably above the Mughsayl 
Formation. This was caused by regional uplift. This uplift of the coastal gulf caused 
almost total regression of the sea. Much coarse clastic debris was eroded from a 
newly emergent escarpment to the north and was transported southward into the 
present coastal plain area (Figs. 6.5h, 7.2a-c, 7.3). 
The Gulf of Aden is a young oceanic basin formed by rifting of Arabia from Africa 
during the Oligocene-Miocene (Hughes et ii., 1991). Evidence from this study 
indicates the rifting process began in the Early Oligocene (36 Ma), or perhaps slightly 
earlier. Rifting was followed by sea-floor spreading across the Sheba oceanic ridge 
in the Late Miocene (10 Ma). 
The Adawnib Formation accumulated during the Miocene, prior to a time of sea-floor 
spreading in the Gulf of Aden (10 Ma; Cochran, 1981). Downtaulting of the rift 
margin was accompanied by vigorous uplift of the northern rift shoulder. This 
suggests that a major extensional tectonic episode occurred during this time, probably 
still within an active strike-slip framework. This study shows that rifting appears to 
immediately pre-date the onset of spreading in the Late Miocene (Girdler el aL, 1980; 
Platel and Roger, 1989). 
7.4 SEISMIC EVIDENCE FOR RIFTING IN DHOFAR 
The seismic interpretation shown in Fig. 7.4 is simplified from a large amount of 
seismic data collected by the Petroleum Development Organisation of Oman in recent 
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Fig 7.3 Tectonic model for the evolution of the Mughsayl Formation based on 
surface and subsurface (well and seismic) data. Note that a strike-slip setting is 
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Fig 74 Schematic seismic section of the Dhofar (Salalah Plain and Offshore). CONFIDENTIAL 
showing structural style, after P1)0 (1994). 	 - 	- - 
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confirms the main features seen in the surface geology. Thus, the Inland Escarpment 
marks the most inboard (i.e. northerly) of a series of important normal faults that 
hounded the Oligocene-Miocene basin. No faults were observed inland of the 
escarpment on the seismic profile. The subsurface data shows that little relative 
rotation has taken place at depth along the escarpment. As noted in Chapter 6, 
forward rotation is seen in the hangingwall of major fault blocks along the 
escarpment, but this must he a relatively superficial feature. 
The basin represented by the Mughsayl Formation is hounded to the south by a major 
topographic high, that is exposed offshore in the north-south, interpreted seismic 
profile. This high can be correlated with the exposed major upfaulted block that runs 
inland from the coast near Mughsayl (Enclosure 2). This, therefore, demonstrates that 
the Mughsayl Formation accumulated within a major graben system. The slump 
evidence (see Chapter 3) shows that the main observed direction of gravity flow 
within the graben exposed onshore were towards the south-east. Seismic interpretation 
of fault patterns suggests that clastic input was shed into the basin from uplifted 
blocks, both to the north and to the south. Seismic interpretation also suggests that 
faults near the Inland Escarpment cut the Mughsayl Formation. The outcrop evidence 
shows that faulting affected the Nakhlait Member and the Mughsayl Formation and 
to a limited extent the Adawnib Formation also, while the Na'r Formation (Red 
Conglomerate), while the Quaternary units are mostly unaffected by faulting. 
South of the offshore high shown in Fig. 7.4, the pre-Oligocene-Miocene successions 
are strongly downfaulted to the south. Oligocene-Miocene sediments, presumably 
similar to the Mughsayl Formation, are extremely thick there (estimated at 1200 m). 
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The seismic data also indicate the presence of a major rift-related unconformity at the 
top of the inferred Nakhlait Member throughout the study area. This unconformity 
is not greatly displaced by faults on the interpreted seismic profile, suggesting that 
normal faulting was contemporaneous with rifting to form the Mughsayl rift basin. 
However, faulting also continued after deposition, especially along the Inland 
Escarpment. What cannot be inferred from the north-south profile, however, is that 
the rifting apparently took place in an overall transtensional regime. 
7.5 BOREHOLE EVIDENCE FROM SALALAH PLAIN 
Borehole information was acquired by the Public Authority for Water Resources 
(PAWR). Some details are as follows: 
Well logs 
Study of the report prepared by PAWR, including lithological, stratigraphical and 
microfossil information, shows that the following strata were penetrated in the upper 
part of the subsurface of Salalah Plain. First, there are pink and white limestone 
cobbles and gravels, about 28 m thick. These are correlated with the Red 
Conglomerate (Na'r Formation). Below, pink, yellowish and white calcarenitic 
limestone with fine-grained pale micritic limestones are correlated with the Adawnib 
Formation. From 96-800 in clay and white conglomerate are common, with clasts 
including calcarenite and mudstone (with Globigerina sp.); these are correlated with 
the Mughsayl Formation, as seen in outcrops. 
Sonic logs 
A steady decrease in transit time is recorded, from approximately 3.3sec/cm to 
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2.5izsecIcm at 790 m. These transit times correspond with the measured porosity, (if 
an unconsolidated) limestone lithology is assumed This is considered to reflect clay 
content and the soft, unconsolidated nature of the formation (PAWR Report, 1985). 
7.6 GEOPHYSICAL EVIDENCE FROM OFFSHORE 
Laughton (1966) proposed that the oceanic Sheba Ridge, running along the whole 
length of Gulf of Aden into Afar is a continuation of the Carlsherg Ridge across the 
Owen Fracture Zone, based on refraction seismic and gravity data. Cochran (1981) 
described the structure and evolution of the Gulf of Aden in terms of continuous 
sea-floor spreading, marked by magnetic anomalies, on the Sheba Ridge, from the 
axial anomaly to anomaly 5 (10 Ma), between the Owen Fracture Zone and 45 E, to 
Anomaly 2 (3 Ma), west of 45 E (Enclosure 2). He also identified a magnetic quiet 
zone located between the oceanic crust of the Sheba Ridge and the continental crust 
of Arabia and Somalia. Its seaward boundary is marked by the limit of sea-floor 
spreading and a basement discontinuity at depth, while the landward boundary is 
marked by an escarpment, made up of a series of normal faults. The magnetic field 
in the quiet zone is variable, and is characterised by a moderately rough topography 
and a fairly constant depth (Cochran, 1981). Diffuse extension accounts for the 
remaining 80 km, the width of the Gulf of Aden, for instance, through a combination 
of rotational listric faulting and dyke injection. The quiet zone is similar to the 
stretched continental crust, or crustal transition zone recognised at other passive 
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Fig 7.5 Line drawing based on representative seismic sections of the gulf of 
Aden, illustrating structural style, from Bolt et al. (1992). See Fig. 7.6 for 
location. 
7.7 REGIONAL TECTONO-STRATIGRAPHIC CORRELATIONS 
7.7.1 Northern Somalia 
It is interesting to note that a pronounced unconformity has been recognised onshore, 
separating the Oligocene from the Miocene in this area (Azzarali, 1958). The best 
outcrops (of the Guban Group) are in the Duhan basin (east of and near Berbera) 
(Figs. 7.6.7). This is a down-faulted, rotated block bordering the Somalia plateau. 
Clastic input was from the west (Burniet i ui.. 1987; Bosellini 1989). Oligocene 
sandstones there are overlain by Miocene reef limestones, which grade laterally into 
lagoonal marl and fanglomerates. 
Offshore, numerous, large, tilted fault blocks, and isolated sub-basins are present. 
Seismic data for offshore Somalia show a very large NE-dipping downthrown basin 
to the south-west of the Bandar Harshau I well (Fig. 7.4 c). Palynological analysis 
indicates that these clastics are wholly non-marine and definitely Oligocene in age. 
A very pronounced angular unconformity is recognised in the seismics, showing that 
erosion has removed a significant portion of a clastic-anhydrite interval (Bott tt aL, 
1992) (Fig. 7.7). 
7.7.2 Yemen 
The Oligocene-Miocene, heterogeneous, Shihr Group is recognised in scattered 
outcrops in onshore Yemen (Beydoun 1968;Greenwood, 1968). It has been possible 
to subdivide this group into a number of formations (Haitham and Nani, 1990) (Figs. 
7.4a, h). 
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The Oligocene Ghaydah Formation is a marginal marine to deltaic and intertidal basal 
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Fig 7.6 Schematic tectonic map of the Gulf of Aden and contiguous onshore 
area. Transform faults from Cochran, (1981). Also, onshore geology from Bott, 
(1992). Note: geoseismic lines are shown on a, b, c, d. Fig. 7.5. 
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Fig 7.7 Comparative stratigraphy of Yemen and Somalia Gulf of Aden 
region, modified from Robertson Group (1991). 
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unit of the Shihr Group. It becomes more evaporitic in the west. The Ghaydah is 
mainly calcareous at Masilah, Fatk and Faydami (Figs. 7.6.7). The Miocene Hami 
Formation has been defined in the Sayhaut-Mukallah area, resting conformably on the 
Ghayda Formation, and consists of fossiliferous silty mans, with thin beds of 
quartzose sandstone, followed by chalky limestone. A moderately deep marine 
environment is inferred. 
The Taqah Formation is the eastern limestone facies, equivalent to the Ghayda and 
Hami formations in the Qamar area. In the Al-Fatk and Faydami areas the Shihr 
Group rests on the Hahshiya Formation of Eocene age (equivalent to the Hadramaut 
Group in Dhofar) and consists of fossiliferous, white and grey limestones, ranging in 
age from Oligocene to Early Miocene (equivalent to the Dhofar Group) (Table I .1). 
During the Oligocene, the Qamar area was a shallow-marine platform, analogous to 
the Masilah area (Fig. 7.7). It remained so, with open marine circulation, while much 
of the Gulf of Aden west of Ras Fartak was transgressed, resulting in deep-marine 
conditions. However, the presence of Jurassic sediments has been postulated within 
the basin and the bulk of the basin fill is of Cretaceous age (BoU a al., 1992). 
7.8 REGIONAL COMPARISONS 
Northern Somalia did not experience the same volume of sedimentation during Late 
Tertiary subsidence as Dhofar and the east of Yemen, while the west of Yemen 
experienced continental sedimentation (i. e. fluvial, lacustrine), and may be correlated 
with the Zalumah Formation. The Zalumah deposits, of limited areal extent, occur 
to the west of Aydim (Enclosure 2). The Zalumah Formation is Late Eocene in age 
and contains an abundant and varied biota rich in gastropods characteristic of 
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fresh-water continental and brackish coastal environments (BRGM Report, 1991). 
The Oligocene sediments of the Gulf of Aden region comprise syn-rift sequences 
deposited on a pre-Oligocene erosional unconformity (Bott al., 1992). Lower 
Oligocene sediments were deposited in separate and isolated sub-basins. These were 
located at the intersection of NE-SW trending strike-slip faults with older, reactivated 
NW-SE trending faults. These sediments are almost entirely continental (i. e. fluvial, 
lacustrine), to marginal-marine, with episodic hypersaline conditions. This was 
followed by subsidence, as rifting continued during the Middle Oligocene (lower 
part), followed by deepening-marine conditions (Hughes iQj al., 1991) in the Late 
Oligocene-Miocene. 
The thickness of carbonate sediment is greatest in the east, where the transgression 
was greatest, while deposits were evaporitic in the west (Fig. 7.7). In addition, much 
of the Gulf of Aden west of Ras Fartak was transgressed, resulting in deep-marine 
conditions in Late Oligocene-Miocene (Bott et al., 1992). 
In neighbouring regions of Dhofar, Yemen and Somalia, uplift was probably greater 
and this resulted in exposure and erosion of crystalline basement rocks (BRGM 
Report, 1991). 
7.9 REGIONAL INTERPRETATION 
During the Oligocene-Miocene predominantly ENE-WSW faulting controlled the 
deposition of the Nakhlait Member, the Mughsayl Formation, the Adawnib Formation 
and the continental deposits of the Na'r Formation (Red Conglomerate in Dhofar). 
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Lower Oligocene sediments were deposited in an isolated transtensional sub-basin, as 
shallow-water lagoons and patch reefs. Open-shelf environments became deeper 
marine, with mainly slope deposits. Sedimentation was dominated by pelagic 
carbonates and shallow-water derived carbonate debris flows. During Early to middle 
Oligocene to Early Miocene time the Mughsayl Formation accumulated in a 
transitional? rift setting. Sea floor spreading then began in the Gulf of Aden at 10 Ma 
(Cochran, 1981). The Late Miocene part of the Adawnib Formation was deposited 
in a shallow-water, shelf environment, mainly as hioclastic conglomerates. After 
deposition of the Adawnib Formation continued relative uplift gave rise to the 
continental Na'r Formation (Red Conglomerate), including alluvial fan deposits. The 
most marginal coastal areas experienced localised transgression in the Quaternary, 
with deposition of the "Taqah Stones". These rocks include carbonate gravels 
composed of oolitic calcarenites rich in fragments of forams, shells and associated 
fauna. The causative relative sea-level rise in the Quaternary was then probably 
eustatic rather than tectonic in origin (BRGM Report, 1991). 
165 
166 
CHAPTER EIGHT: 	CONCLUSIONS 
8.1 	Significant phases of Neogene extensional tectonics have affected the 
Gulf of Aden region. Extension took place by conjugate movement on 
generally west-northwest and northeast-trending rift faults. Some of these 
are strike-slip faults based on local structural data and the regional setting. 
This style of tectonics controlled the deposition of sediment in the Dhofar 
region from the Late Cretaceous onwards. Prior to this time the Dhofar 
region evolved as a carbonate platform bordering the Tethyan ocean. 
8.2 	During the Oligocene-Miocene, deposition of syn-rift sedimentation 
was controlled by growth faulting, trending predominantly NE-SW. 
Sediment developed in grabens and half grabens related to rifting of the 
Gulf of Aden. The Nakhlait Member was deposited in the Early Oligocene 
and is of shallow-water origin, ranging from open shelf to restricted shelf, 
with local patch-reefs. 
8.3 	The margin collapsed to form deep marine slope and basin settings, 
and the Middle Oligocene-Early Miocene Mughsayl Formation then 
accumulated. The slope acted as a bypass zone for clastic material 
transported from the basin margin to the basin plain, by turbidity currents, 
mass flow and slumping. The basin-filling sequence is characterised by 
hemipelagic gravity redeposited bioclastic carbonate deposits. Clastic input 
was mainly from erosion of older lithitied lithologies (mainly the Nakhlait 
Member). 
8.4 The Neogene (Early Miocene) aged Adawnib Formation is mainly 
polymitic conglomerate and sandstones with benthic and reworked planktic 
foraminifera. Most of the forams were derived within lithoclasts from the 
Nakhlait Member and the Mughsayl Formation, also from older rocks. The 
carbonates include derived quartzose sediment. These shallow-water 
carbonates were the latest marine beds in the area. They rest unconformably 
on the Mughsayl Formation and locally on the Cretaceous, in different 
areas. The Adawnib Formation accumulated during regional uplift and 
regression. 
8.5 	With continued uplift, continental deposits were deposited as the 
?Pliocene Nar Formation, which unconformably overlies the Adawnib 
Formation. Brick-red conglomerates contain red calcareous clayey siltstone, 
with conglomerate, sandstone and siltstone intercalations. These sediments 
are continental alluvial deposits, principally occurring on the Salalah Plain. 
The Na'r Formation is overlain by Quaternary colluvial deposits, eolian 
deposits and travertine deposits. 
8.6 Geochemical and mineralogical studies show that fine-grained 
mudstones mainly within the Mughsayl Formation, are mainly of 
terrigenous origin and may have been eroded from Precambrian basement 




8.7 	Field data, combined with well data and limited available interpreted 
seismic data show that the Mughsayl Member accumulated within a 
substantial coastal graben, bounded by the Inland Escarpment to the north 
and an offshore coastal high to the south. This high can he traced onshore 
in the west of the study area. 
8.8 	Following a period of relative stability in the Early Tertiary 
(Palaeocene-Eocene), rifting resulted in accelerated subsidence in the Early 
Oligocene, reflected in deposition of the Nakhlait Member as an unstable, 
subsiding shelf. In response to accelerated subsidence and/or the effects of 
a relative sea-level rise, shallow-water deposition then terminated and the 
former shelf area collapsed to form a deep slope to basin plain settings, 
followed by deposition of the Early Miocene Mughsayl Formation during 
a time of intense tectonic instability. By the Late Miocene seafloor 
spreading had begun in the Gulf of Adehn, at short spreading segments, 
offset by transform faults (e.g. Alula Fartak). The initiation of spreading 
was approximately coeval with uplift of coastal Dhofar and deposition of 
the mainly shallow-marine Adawnih Formation, during a time of continued 
faulting and uplift of the Coastal Escarpment to the north. During the 
Pliocene (Na'r Formation) to Quaternary, deposition was non-marine 
(continental) with little evidence of continued faulting. 
8.9 The causes of the Late Miocene coastal uplift in Dhofar may have 
included a combination of; i) thermal effects of spreading in the Gulf of 
Aden, ii) effects of mantle plume activity at the Afar triple junction (Ca 
1500 km to the SW). The minimal extent of post-spreading subsidence may 
relate to the nature of the Gulf of Aden, as a transform, as opposed to 
orthogonal spreading small ocean basin. 
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Appendix 1 
Laboratory techniques undertaken during this study. 
This appendix documents the techniques used in the laboratory during this research. 
1.1 Staining 
Samples collected in the field were sawn and polished, with SiC powder, the coarse 
ranging from 220F up to I000F careful washing was undertaken between lapping 
stages. Samples were then etched with dilute HCl (1 .5 molar for 15 seconds) and 
stained for 45 seconds in acidified Alizarin Red S (0.6g in 300cm3) and Potassium 
Hexacyan of errate III solution (4 g in 200cm3) and further stained for 10 seconds in 
acidified Alizarin Red S solution (0.6 g in 300cm3) (Dickson, 1966; Miller, 1988). 
Fe-rich calcite stained red. Dolomite did not stain. The surfaces were orientated 
horizontally then, with a thin coating of acetone present, sheets of acetate of a size big 
enough just to cover the surface were rolled over the faces, then removed around three 
hours later and placed between glass covers, these acetate peels were suitable for 
large-area fabric study, both for petrography and diagenesis. 
1.2 	X-ray diffraction 
The minerals present in the samples were determined using a PHILIPS PW 1800 
automatic X-ray powder diffractometer. 
The finely ground sample was mixed with acetone and a few drops of the mixture 
were placed on a glass slide. The acetone quickly evaporated, leaving an even thin 
film of sample. This was analysed using CuKct radiation and run from 2° -60° 2°0 
at 40 kV. 50 mA. The position of the peaks follow from the Bragg equation: 
nA=2dsinO 
Where 	n = whole numbers 
A.= wavelength (Cu=1.541) 
d= spacing between lattice planes 
1 81 
0= angle of slide to incident radiation. 
When only the presence of calcite and dolomite was to be determined the 20 range 
was reduced from 28 to 34'. X-ray diffraction was used in the research project as 
means to confirm the mineralogy of the samples as seen in thin sections and acetate 
peels. The presence of clay minerals could be further identified by mixing the ground 
sample in distilled water, allowing time for the heavy material to settle and using the 
suspension. In turn, the presence of smectite could be confirmed by placing the glass 
slide and sample into an atmosphere of ethylene glycol, where the water molecules 
replaced and the smectite peak moves to 5 20 with additional peaks at highest angles 
(e.g. Hardy and Tucker 1988). 
1.3 X-ray Fluorescence. 
Major and trace elements were determined using a PHILIPS PW 1480 automatic X-
ray spectrometer. A selection of samples of mudstone, and 2 samples from the 
Murbat basement were analysed. The major elements are determined using glass discs 
prepared by fusing the powered sample with a lithium tetraborate/ lithium carbonate 
mix. The trace elements were analysed from pressed-powder pellets, and the counts 
were corrected for inter-element interferences using a range of synthetic glass 
standards. Major-and trace-element determinations were calibrated against a range of 
international standards using the recommended values (Fitton and Dunlop 1984). 
Note; that the low totals is mainly reflect the large amount of CO2 present in the 
calcareous sediments. 
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Appendix 2 Diffraction chemical results 
Table I Results of whole-rock X-ray diffraction. 
Nakhlait Member 
Sample No Major element Minor element Trace element 
161 	Marl Gy. Cal. - - 
93* Marl Mus. Kao. Cal. - 
97 	Marl Cal. - - 
124 Rock Cal. - Ha. 
132 	Rock Cal. - Ha. 
92 Marl Cal. Q - 
Nlughsayl Formation 
72 	Marl Cal. - Ha.Q. 
73 Marl Kao. Cal. Q. * - 
84* 	Marl Cal. Q Kao. 
83* Marl Cal. Q Kao. 
151 	Marl Cal. Gy Ha - 
I (Clay Mineral) Cal. Goe. Ha - 
2 	 Rock Goe. Ha. Cal. - 
136 Rock Cal. Ank. Ha.Gy. - 
135 	Rock Cal. Dol. Gy. - 
17 Rock Cal. - Ha. 
Adawnib Formation 
115 	Rock 	Cal. 	 Q. 	 Na. Fel. 
116 	Rock 	Cal. 	 - 
*Scan also carried out on line material rich in smectite, Kaolinite 
= Calcite. Gy = Gypsum. Goe = Goethite. Ank = Ankerite. Ha = Halite. Kaol.= Koalinite. Q= Quartz 
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Appendix 3 XRF chemical results 
Table la. Analyses of major elements of sedimentary rocks from the Nakhlait Member 
(wt %) oxide). 
92 102c 161 93 97 107 124 132 
Sample Marl W. Marl Marl Marl ISI. 1St. lt. 
Si02 0.22 0.13 41.62 35.03 1.51 0.43 0.69 2.22 
A1203 0.08 0.05 12.72 12.32 0.60 0.09 0.16 0.30 
Fe203 0.07 0.05 3.19 4.35 0.18 0.05 0.08 0.12 
MgO 0.49 0.35 4.54 4.25 0.90 0.41 0.48 0.71 
CaO 55.92 56.21 14.61 18.89 52.67 55.50 55.62 53.17 
1.76 	0.78 
- 0.003 . 	1.182 1.555 0.000 0.002 
0.006 0.005 0.569 0.719 0.024 0.007 
0.005 0.006 0.040 0.039 0.008 0.010 
0.022 0.000 0.054 0.088 00.027 0.001 
43.94 43.85 19.59 22.33 43.56 43.66 
56.73 56.78 80.28 78.03 55.83 56.40 
100.67 	100.63 	99.87 	100.36 	99.39 	100.06 	96.97 	99.83 	99.63 
1st = Limestone 

























Table lb Analyses of trace elements of sedimentary rocks from the Nakhlait 
Member (ppm). 
Sample 92 93 161 97 107 102c 124 125 132 
Marl Marl Marl Marl 1s1. 1st. 1st, 1st. 1st. 
Nb 0.1 15.1 57.0 0.9 - - 0.5 - - 
Zr 7.6 114.4 540.5 15.8 9.4 8.1 9.7 6.2 10.3 
Y 1.0 21.0 16.7 3.0 1.0 0.1 0.8 0.9 1.9 
Sr 305.5 200.7 311.2 528.1 683.8 636.6 353.3 250.7 222.6 
Rb 0.6 68.9 24.4 2.0 -0.7 0.1 1.0 0.5 1.2 
Th - 5.4 6.8 - - - 0.2 - 0.1 
Pb - 8.7 12.1 0.5 - 1.0 1.3 0.8 0.5 
Zn 6.8 54.7 115.1 7.7 3.6 3.5 3.3 2.5 4.9 
Cu 45.9 28.6 6.3 17.3 42.6 43.5 44.2 43.0 36.3 
Ni 10.0 20.1 27.3 12.8 7.2 6.7 8.3 5.2 5.3 
Cr 23.9 77.4 21.2 12.7 16.1 12.2 22.7 18.7 31.9 
Ce 0.9 57.0 103.8 7.7 - 8.5 0.3 - - 
Nd - 33.1 49.0 - - 1.6 2.0 - - 
La - 30.2 33.1 6.3 - 0.4 - 4.2 3.0 
V 29.6 125.4 37.3 26.7 12.5 17.0 8.7 8.3 9.7 
Ba 3.6 80.6 7.6 10.6 4.6 11.0 79.7 39.5 171.8 
Sc - 10.7 0.97 - - - - - - 
1st = Limestone 
- 	Below detection limit. 
207 
208 
Fable 2a. Major elements of sedimentary rocks from the Mughsayl Formation (wt % oxide). 
Sample 3 136 141 5 17 23 26 44 72 137 84 73 
Mud-stone Chert W. 1st. 1st. 1st. 1st. [St. 1st. Marl Is!. Marl Marl 
Si02 19.43 98.04 1.18 11.25 21.97 1.16 0.03 0.63 0.40 22.05 0.21 50.75 21.78 
.-1203 0.16 0.09 0.26 3.14 0.43 0.32 0.030 0.21 0.12 4.79 0.07 13.95 5.06 
Fe205 72.7 0.06 0.12 1.73 
0.19 0.15 0.25 0.14 0.08 2.38 0.04 7.05 2.26 
M g O 0.24 - 4.0 1.34 1.15 0.68 0.03 9.13 0.39 1.94 0.31 5.88 2.06 
Ca J 0.29 0.29 50.58 3.35 40.28 53.92 55.8 44.70 55.64 32.56 55.74 8.48 29.40 
Na0 0.13 0.04 - 51.11 0.0 - - - - 1.29 - 2.42 1.08 
K20 0.020 0.016 0.001 0.254 0.002 0.007 -0.002 0.006 0.002 0.260 0.004 0.599 0.261 
Ti02 0.04 0.012 0.007 0.096 0.029 0.02 -0.002 0.021 0.006 0.36 0.006 0.621 0.348 
MnO 0.013 0.002 0.004 0.019 0.002 0.014 0.003 0.014 0.004 0.009 0.008 0.012 0.008 
P205 0.023 0.011 0.014 0.013 0.042 0.020 0.007 0.021 0.018 0.176 0.009 0.058 0.160 
LOl 19.18 1.15 43.49 13.0 35.34 43.57 43.82 45.65 43.85 30.0 43.46 13.52 28.99 
Total 93.06 98.57 56.12 72.3 64.1 56.28 56.14 54.65 56.61 65.82 56.34 89.82 62.42 
Total 
+ 112.24 99.72 99.61 85.30 99.44 99.85 99.96 100.51 100.46 95.82 99.80 103.34 91.41 
LOt 
= Limestone 
- 	Below detection limit. 
Fable 2a Additional major elements of sedimentary rocks from the Mughsayl Formation. Adawnib 
Formation and the Na'r Formation (wt % oxides). 
144 	122 	141 	83 	113 	116 	115 










































9.72 1.23 11.25 27.41 0.15 1.16 
2.87 0.22 3.14 6.90 0.17 0.28 
1.61 0.07 1.73 2.55 0.04 0.12 
.42 0.27 1.34 3.11 20.73 0.24 
3.16 54.47 3.35 29.96 30.36 55.45 
35.91 - 51.11 0.92 - - 
0.232 0.011 0.254 0.303 0.006 0.012 
0.094 0.010 0.096 0.410 0.019 0.028 
0.016 0.007 0.019 0.014 0.005 0.008 
0.004 0.008 0.013 0.07 0.002 0.018 
15.66 43.11 13.00 27.39 47.65 43.29 
55.04 56.24 72.30 71.39 51.38 57.21 
70.70 	99.35 	85.30 	99.04 	99.03 	100.50 	105.5 	100.05 
209 
Is! 	= Rock limestone 
- 	Below detection limit. 
210 
hIt 11). Ii ice-elements 4)1 se(1iiiltnLir rocks I rom the \lmig1isa I I urination. ppm 
.iiBpIe 5 	17 	23 	26 	44 	122 	136 	137 	144 	73 	83 	84 
	
3 	Chert 
I. li, km. 1,1. km- Ist. W. li. Marl Marl Marl Marl Mine 
1.3 0.5 - 0.7 - 0.0 0.7 -0.4 5.6 17.9 63.1 77.8 1.5 0.2 
7 23.3 24.8 4.1 
2 2 I2H 2 2.2 1.0 1.0 
951.5 750.1 1004.6 2617 76.7 169.1 258.3 282.0 309.9 633.4 651.3 324.8 115.3 9.6 
2.3 2.3 0.6 0.7 0.62 1.3 2.3 0.8 14.6 26.5 24.4 17.8 - - 
- - 0.4 - - - - - 1.9 1.7 4.6 11.8 48.2 - 
- - - - 0.7 - 0.6 - 2.4 2.1 5.9 14.9 2.7 0.1 
10.1 8.4 4.3 4.1 6.3 2.5 4.9 3.6 76.3 64.1 66.7 165.7 212.0 1.0 
- - 42.3 33.5 44.5 41.7 36.3 43.8 - 19,2 21.6 29.5 32.1 - 
4.9 3.4 2.4 11.7 14.5 4.5 5.3 4.8 19.7 36.8 109.3 145.0 137.7 - 
( 0.1 7.0 17.5 29.7 13.3 31.9 10.7 10.3 62.0 91.2 42.7 113.1 0.5 
2.7 10.8 - 2.1 - 6.0 - - 11.7 35.3 77.5 179.8 42.6 3.2 
- - - - - 3.0 - - 0.5 12.1 40.7 63.9 - - 
4.4 - - - - 0.1 2.5 11.9 - 13.2 36.9 55.7 - 1.6 
7.2 4.41 3.7 41.2 24.9 19.7 21.7 8.0 45.6 140.9 122.7 318.6 1553.6 24.2 
19.8 8.8 19.1 16.9 0.2 5.4 17.9 26.6 29.9 36.5 20.0 4.7 1911.4 25.9 
- - - - - - - - - - 0.7- - 
= ick limestone 
ReIos detection limit. 
Table 3 Trace elements of Adwanib and Na'r Formations (p.p.m). 
Sample 113 115 116 116a 
Adawnib Formation { Nar Formation 
1st 1st 1st. 1st. 
Nb 0.1 - 0.9 2.5 
Zr 6.2 30.7 11.5 52.7 
Y 1.1 4.4 2.1 8.6 
Sr 108.9 216.6 196.4 167.0 
Rb 0.4 5.7 1.7 13.7 
Th - - 0.4 1.0 
Pb - 1.6 1.5 2.2 
Zn 2.7 4.8 6.2 15.5 
Cu 18.6 30.8 45.6 42.3 
Ni 4.6 10.8 7.5 43.1 
Cr 28.8 44.3 15.0 99.8 
Ce - 8.4 8.2 13.2 
Nd - - 0.2 12.2 
La 2.5 4.9 0.5 4.1 
V 26.4 23.0 17.6 58.6 
Ba 0.2 173.8 25.1 97.3 
Sc - - - - 
1st. = Limestone 
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Enclosure 2 Major tectonic elements of Dhofar. Data taken from BROM m 
Directorate General of Petroleum and Minerals. Maps in Salalah by (Mohar 
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